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The purposes of this book are twofold: first, to serve primarily as 
a college text for senior and graduate studj'^; and second, to serve as a 
reference for the practicing engineer. The theoretical portions of the 
text assume that the reader has studied physics and mathematics, and 
one chapter contains a review of basic thermodynamics. However, 
several chapters are devoted primarily to refrigeration applications, 
and to understand them does not require an extensive theoretical 
background. 

As a text, the book is designed for a comprehensive course in 
refrigeration and air conditioning. It may be adapted to com- 
bination courses in refrigeration and air conditioning, in which case 
portions of the text on advanced refrigeration topics may be omitted 
if time is limited. It may also be used for courses exclusively in 
refrigeration, where the student has previously studied the subject of 
air conditioning. In this case, those portions on air conditioning may 
be omitted. 

The first chapter of the book attempts to instill in the reader an 
appreciation for the exceedingly interesting history of refrigeration and to 
arouse his interest in some of the vast potentialities that exist for future 
development. The broad aspects of the subject having been surveyed, 
the student is then introduced in the second chapter to the various cycles 
and processes to be studied analytically later in the text. This is done 
by means of a series of “sequence” drawings that portray qualitative 
explanations of the basic refrigeration cycles. Following this, a review 
of basic thermodynamics is presented in the third chapter. These three 
chapters may be considered as an introduction to the main portions of the 
text. 

The authors recognize that because of the necessarily broad scope of 
the subject matter which must be contained in a text on refrigeration, 
the order of chapter arrangement may not be completely agreeable to all 
instructors. A specific attempt has been made not to segregate theory, 
application, and equipment into separate sections. Therefore, descrip- 
tive material on equipment follows closely after the presentation of theory 
applied to such equipment. Specialized advanced topics of refrigeration 
are placed toward the end of the text, and the chapters on applications 
are placed at the very end. For those who would prefer to segregate the 
fundamental theory and applications in that order, the following outline 
is suggested : 


vu 
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Secti()n T^Genoral: 

C’hiipter 1- The History of Refrigeration 

CUiaptcr 2— Basic Refrigeration C’ycles and Concepts 

Section TI — Fundamental Theory: 

(’hapter 3 — Review of Thermodynamics 
C’haptcr 8 — Fluid Flow and Heat Transfer 
Chapter 9 — ^Psychrometrics 

Section IH — Refrigeration Theory: 

C'hapter 4— Thermodynamics of Vapor Refrigeration 

C’hapter 5 — Refrigerants 

C’hapter 15 — Absorption Refrigeration and C’hemical Dchumidifi- 
cation 

C’hapter 0— Air-C’ycle, lOjector, and CVntrifugal Refrigeration, and 
the Heat Pump 

C’hapter 13 — Multiple Evaporator and (’ompressor Systems 
C’hapter 10 — C’ooling-Load C’alculations 
C’hapter 10 — Low-Temperature Refrigeration 

Section IV — Kejuipment: 

C’liapter 7 — C’ompression Refrigeration Machines 
C’hapter 1 1 — C’ondensers and lu'aporators 
C'hapter 12 — Refrigeration Piping 
C’haptcr 14 — Refrigeration Control 

Section V — Applications: 

C’hapter 17 — Applications of Refrigeration 
Chapter 18 — Air C’onditioning 
Chapter 19 — Food Preservation 


As an aid to both the student and the jiracticing engineer, extensive 
documentation by means of footnotes has been provided. In addition, 
at the end of each chapter a Bibliography has been included, indicating 
where more complete information may be found. An extensive set of 


problems, graded in difficulty, has been provided at the end of most 
chapters. Alany of the answers to the problems are provided in the 
section immediately following the Appendix. 

The authors arc indebted to Mr. Charles S. Leopold and to his 
assistants, Mr. Frank Wilder and Mr. James WoltY, for their ^eYie^Y and 
helpful criticism of the entire manuscript; and to Dr. Newman HtUl for 

s on thermodynamics and low-temperature 
refrigeration. In addition, the authors wish to thank the staff members 
of the American Society of Refrigerating iMigineers and The American 
ociety o Heating and ^ entilating Engineers, and the various publishers, 
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manufacturers, distributors, and other organizations which, as indicated 
in the text, have granted us permission to reproduce figures and tables. 
Any errors pointed out or improvements suggested would be greatly 
appreciated by the authors so that appropriate changes may be incor- 
porated in future revisions. 

Richard C. Jordan 
Gayle B. Priester 

Afinneapolis, Minn., and Baltimore, Aid. 




the mmmu . kas„„„ 


Class No. 
Vol. 


date loaned 



Acc 


Book No. 

Copy 



ession No. 


Table of Contents 

PART I. INTRODUCTION 


CHAPTER PAGE 

1. The History OF Refrigeration 3 


1.1-Refrigeration by Natural Ice. 1.2-Artificial Refrigeration in the 
Nineteenth Century. 1.3-Refrigeration Early in the Twentieth Cen- 
tury. 1.4-The Industry Today. 

2. Basic Refrigeration Cycles and Concepts 16 

2.1 — Introduction. 2.2 — Standard Rating of Refrigerating Machines. 
2.3-Elementary Vapor-Compression Refrigeration Cycle with Recipro- 
cating Compressor. 2.4-Elementary Vapor-Compression Refrigeration 
Cycle with Rotary Compressor. 2.5-EIementary Vapor-Compression 
Refrigeration Cycle with Centrifugal Compressor. 2.6-Elementary 
Ejector Refrigeration System. 2.7-Elementary Air-Cycle Refrigeration 
System. 2.8-Elementary Absorption Refrigeration Cycle. 

3. Review of Thermodynamics 31 

3.1 - Introduction. 3.2 -Ideal Gases and Vapors. 3.3 - Properties and 
State of a Substance. 3.4 -Kinetic Energy. 3.5 -Internal Energy. 
3.6-Enthalpy. 3.7-Entropy. 3.8-Reversibility. 3.9-Graphical Repre- 
sentation. 3.10 — Thermodynamic Laws. 3.11 -Energy Equations. 
3.12-Joule’s Experiment and the Joule-Thomson Effect. 3.13-Thermo- 
dynamic Relationships for Gases. 3.14-Thermodynamic Relationships 
for Vapors. 3.15-Properties of Vapors. 3.16-Processes. 


PART II. REFRIGERATION CYCLE ANALYSIS AND 
COMPRESSION REFRIGERATION MACHINES 

4. Thermodynamics of Vapor Refrigeration 53 

4.1- Introduction. 4.2-The Carnot Cycle. 4.3-Reversed Carnot Cycle 
and Coefficient of Performance. 4.4-Maximum Coefficient of Perform- 
ance. 4.5-Theoretical Vapor Compression Cycle. 4.6-Departure from 
Theoretical Vapor Compression Cycle. 4.7 - Volumetric Efficiency. 
4.8-I^tary Compressors. 4.9-Mathematical Analysis of Vapor Com- 
pression Refrigeration. 

5. Refrigerants 

5.1- Introduction. 5.2-Common Refrigerants. 5.3-Air. 5.-^Ammonia. 
^5-Carbon Dioxide. 5.6-The Freons. 5.7-Methyl Chloride. 5.8-Sulfur 
Dioxide. 5.9- Water Vapor. 5.10-Hydrocarbon Refrigerants. 5.11- 
Halogenated Hydrocarbons and Other Refrigerants. 5.12-Comparison 
of Refrigerants. 5.13-Brines and Eutectics. 


XI 



xn 

CHAPTER 


TABLE OF CONTENTS 


PAOB 


6. Air-C'yc’lk, I‘^|Ector, and C’entuifugal Refrigeration, and 

the Heat lO-i 

r>.l -Introduction. ().2-Air-( Vclc Ucfrint'iJition. 6.3-Kjcctor-C'ycIe Rc- 
friKcratioii. 0. 1-Stcain-Jct Watcr-Vapor System. O.o-Centrifugal Re- 
frig<Tation. G.()— The Heat Pump. 


7. Compression Refrigeration Machines 

7.1-Intro{liiction. 7.2-Ueeiproeating ('omprcssors. 7.3-Reoiprocating- 
(’ompres.sor (’ylinder Design. 7.4 - Reciprocating - Compressor Drives. 
7..")-Reciproeating-( 'ompre.s.sor Valves. 7.0-Reciproca,ting-Compressor 
LuI)rieution and (’ooling. 7.7-Reciproeating-Compressor C/Ooling. 7.8- 
Rotary ( ‘oinprossors. 7.9-.Vir-( Vele Refrigeration Equipment. 7.10- 
Aireruft .\ir-(’yele Refrigeration Kqtjipment. 7.1 l-Steam-Kjoctor Refrig- 
eration lOquipinent. 7. 12-(’entrifugal Refrigeration. 7.13-Centrifugal 
Refrigeration H(juij)ment. 


122 


PART III. FLUID FLOW, HEAT TRANSFER, PSYCHROMETRICS, 

AND THEIR REFRIGERATION APPLICATIONS 


8. Fluid F^lom* and Heat Transfer 

8. l-Fhiid Flow. 8.2-('iravity Flow. 8.3-Foree<l Flow. 8.4-StreamIine 
Flow. 8.5-TurI)ulent Flow. 8. (L Heat Transfer. 8.7-Conduetion. 
8.8-(’onduetors and Insulators. 8.9-('onduetivity. 8. 10-('onvection 
Theory. 8.1 l-I)imensional .Analysis. 8.12-Foreed (’onveetion. 8.13- 
J'r(*e ( ’onv(*eti<)n. 8. 14 - ('ondi'iising and Roiling. 8.15 — Radiation. 
8.ir>-(’omhined Heat Transfer. 8. 17-St'rios and Parallel Heat ('onduc- 
tion. 


149 


9. PsYCHROMETRICS 172 

9. 1 -Signifieanee. 9.2-n(dinitions. 9.3-Properties of .Air-Vapor Mix- 
tures. 9.4-Pressure. 9..5-\ t>lum(' and Dtuisity. 9.(i-'remperature. 
9.7-Humidity. 9.8- Heat (’onteiit. 9.9 -Psyehrometers. 9.10-S\ib- 
freezing Conditions. 9. 1 l-Psyehromelrie Charts. 9. 12- Processes In- 
volving Air- Vapor Mixtures. 9.13-F()gged Air. 


10 . 


11 . 


Cooling-Load C'.alcul.vtions 191 

10.1-Types of Ix>ads. I0.2-I)esign Conditions for Air Cooling. 10.3- 
Spa.-,. (oolinK Ix,«,l lO.-t-U.iil.lint! II, -at Transmission. 10.5- 

^lar Radiation. lO.tMnfilf ration, I0.7-Oeeupants. 10.8-Elcetrie 

n M 10.10 otlwr lMt..,nal 11, -at Sources. 

10.1 Ou'si.loAir 10.12-Mis,.,-llaM,a„is It.-ms. 10. 13-Air Comlitioniiig 
lx>a,l.s. 10.11-Uefrig,.rat.ir lx>a,ls. 10 1 .5 Flui.l Cooling Ix>nas. 

C-ONDEN'.SKUS AND ICVAl’OIl.VTOli.s; ... 23(i 

U.l-Fu'„.tions 11.2-Coml,."s,.r 'nu-ory. 11.:! CV.ulcnscr Design. 
,..,ini,:a^^ on,l,.n,sors J 1 5-\\ a.,..-..oo|...l ( '.nalensers. U.(M.>o- 

' 1 '.. • ", ••■'-I'-vapoialiv,. I on,|, i,s,.rs. 1 1.8-C'ooling 

uers aii.l bpray 1 oiuls. U.9-X,>u,.„u,l,.||sal)l|. Ca.s.-s 11 lO-l-'vnpo- 

ctL nia-s, C.lusmui S 

Chillers l'7l.' ‘ '-aporalors. n.l5-Li,i„id 

'-muers. ll.Ki-Evaporator ix-h-rtioo. 1 1 IT-lVlrosliog, 



TABLE OF CONTENTS 


xui 


CHAPTER 

12. Refrigeration Piping 

12.1-Purpose. 12.2-Materials. 12.3-Joints and Fittings. 12.4-Sup- 
ports and Expansion. 12.5-Friction. 12.6-Sudden Velocity CJianges. 
12.7-Liquid Lines. 12.8-Suction Lines. 12.9-Discharge Lines. 12.10- 
Pipe-size Selection, 12.11-Moisture Removal. 12.12-\Vater Piping. 
12.13— Brine Piping. 12.14— Pumps. 12.15— Accessories. 


PART IV. ADVANCED REFRIGERATION TOPICS 

13. Multiple Evaporator and Compressor Systems 299 

13.1-Applications. 13.2-One-Compressor Systems. 13.3-Dual Com- 
pression. 13.4-Individual Compressors. 13.5-Compound Compression. 
13.6-Comparisons of Systems. 


14. Refrigeration Control 

14. 1-Introduction. 14.2-Liquid-Refrigerant Control — Automatic Ex- 
pansion Valve. 14.3-Liquid-Refrigerant Control — Thermostatic Ex- 
pansion Valve. 14.4-Liquid-Refrigerant Control — Low-Side Float Valve. 
14.5-Liquid Refrigerant Control — High-Side Float Valve. 14.6-Liquid- 
Refrigerant Control Capillary Tube. 14.7— Compressor IVIotor Con- 
trols. 14.8-Solenoid or Magnetic Stop Valves. 14.9-Suction-Line Con- 
trols. 14.10-Control of Multiple-Evaporator Systems. 14.11-Con- 
densing-Water Control. 14.12-Compressor-Capacity Control. 14.13- 
Miscellaneous Controls. 


15, Absorption Refrigeration and Chemical Dehumidification 337 

15.1 — History and Introduction. 15.2 — Simple Absorption System. 

15*3 “Practical Absorption System. 15.4 — Refrigerant Absorbent 
Combinations. 16.5- Absorption vs. Compression. 15.6 -Domestic 
Unit. 15.7-Absorption-Cycle Analysis. 15.8-Other Systems. 15.9- 
Chemical Dehumidihcation. 15. 10- Applications. 


16. Loav-Temperature Refrigeration. . 

• •••••• 

l^.l-Introduction. 16.2-Temperature Scales. 16.3-Produetion of Low 
Temperatures by Salt-Ice Mixtures. 16.4-Production of Low Temper- 
atures by the Expansion of Gases. 16.5-Production of Low Temperatures 
by Evaporation. 16.6-Production of Low Temperatures by Magnetic 
Cooling. 16.7-Production of Low Temperatures by Vapor-Compression 
Refrigeration. 16.8-Liquefaction of Air. 16.9-Manufacture of Dry Ice. 
16. 10-^ Applications of Liow-Xeniperature Refrigeration. 


17. 


PART V. REFRIGERATION APPLICATIONS 

Applications of Refrigeration 


ItLo 17.3-Medical and Surgical Aids. 

17.4-Creation of Artificial Atmospheres. 17.5-Manufacture and Treat- 

ment of Metals. 17.6-Oil Rehnmg and Synthetic-Rubber Manufactur- 

and Related Industries. 17.8-Ice Making 17 
Miscellaneous Applications. “ 


389 



XIV 


reAPTBB 


TABLE OF CONTENTS 


18. Air Conditioning 


19. 



PAGB 

409 


aiul Cabinets. 18.12-Comfort .Vir CoiulitionmK. 18 13-Stores 18.14-Res- 
tiuirants ami Niplit Clubs. 18.15-Multiroom Hui dings. 18.16-Amuse- 
ment Spaces. 18.17-Transportation. 18.18-HesKlcnces. 

Food 

19.1-<l('ii(*ral. 19. 2- Food FrrezinR. 19.3-Pr(‘pnration for Freezing. 

19 4-Frozen-Food Storage. 19. r>-I/oeker IMnnts. 19.f)-('old Storage. 
19.7-Prepaekng(>d Fresli Produce. 19. 8-Food Processing. 19.9-Food 
Transportation. 19. 10-C’oininercial Refrigeration. 19.11-Uomestic Re- 
frigeration. 


430 


Appendix 


(i8cf p(i(jc XV for list of A ppvfuHx tintl graphs.] 


450 


ANS^VERS TO PUOMPEMS 


Index . 


, 500 



TABLE 

A.l. 

A.2. 

A.3. 

A.4. 

A.5. 

A.6. 

A.7. 
A.8. 
A.9. 
A.IO. 
A.ll. 
A.12. 
A.13. 
A. 14. 
A.15. 
A.16. 
A. 17. 
A. 18. 
A. 19. 
A.20. 
A.21. 
A.22. 
A.23. 
A.24. 
A.25. 
A.26. 


Appendix Tables and Graphs 

TABLES 

T . r, , , PAGE 

l-iettor Dynibols 450 

Ammonia — Properties of Liquid and Saturated Vapor 451 

Ammonia — Properties of Superheated Vapor 453 

Methyl Chloride — Properties of Liquid and Saturated Vapor 456 

Methyl Chloride — Properties of Superheated Vapor 458 

Dichlorodifluoromethane (Freon-12)— Properties of Liquid and Saturated 
Vapor 

Dichlorodifluoromethane (Freon-12)— Properties of Superheated Vapor. . 466 

Ethylene — Properties of Liquid and Saturated Vapor 472 

Properties of Dry Saturated Steam ! ! 473 

Properties of Superheated Steam ' 474 

Sodium Chloride Solutions 470 

Calcium Chloride Solutions 477 

Viscosity of Freon Refrigerants, Centipoises 478 

Conductivity of Insulating Materials ! 479 

Thermal Conductivity of Building Materials ! ! ! . 480 

Conductance of Building Materials and Constructions ' * 481 

Thermodynamic Properties of Water at Saturation ! ! ! 482 

Thermodynamic Properties of Moist Air 484 

Properties of Mixtures of Air and Saturated Water Vapor . • • • 

Properties of Dry Air at 14.7 Psia 486 

Dimensions of Welded and Seamless Steel Pipe . 487 

Equivalent Feet of Pipe for Valves and Fittings ^ ' ' ! ! ! ! 487 

Maximum Tons Refrigeration for Ammonia Mains . 488 

Maximum Tons Refrigeration for Methyl Chloride Mains 489 

Freon-12 Liquid Lines, Tons Capacity per 100 Ft Equivalent Length . 490 

Maximum Tons of Compressor Capacity for Freon-12 Lines 491 


FIGURE 


GRAPHS 


A.l. Viscosity and density of ammonia vapor .... 

A.2. Viscosity and density of sodium chloride brine. . 
A.3. Viscosity and density of calcium chloride brine 
A.4. Pressure drop for water in pipe of fair condition . 
A.5. Pipe friction multipliers for sodium chloride brine 
A.6. Pipe friction multipliers for calcium chloride brine 
A'.7. Aqua ammonia properties 


492 

493 

493 

494 

495 

495 

496 


FIGURE 


Envelope Diagrams and Charts 


E.l. 

E.2. 

E.3. 

E.4. 

E.5. 

E.6. 

E.7. 


Pressure-Enthalpy Diagram for Ammonia 

Pressure-Enthalpy Diagram for Trichloromonofluoromethane (Freon-11) 
Pressure-Enthalpy Diagram for Dichlorodifluoromethane (Freon-12) 
Pressure-Enthalpy Diagram for Monochloridifluoromethane (Freon-22) 
Pressure-Ehthalpy Diagram for Carbon Dioxide ' 

Normal-Temperature Psychrometric Chart 
Low-Temperature Psychrometric Chart 


XV 



THE JAMMU & KASHMIR UNIVERSITY 

LIBRARY. 

DATE LOANED 


Class No* 


Book No 


Vol. 


Copy 


Accession No. 





PART I 

Introduction 








the jammo & kashmir university 

UBHARY. 


date loaned 


Class No» 








CHAPTER 1 


The History of Refrigeration 

1.1. Refrigeration by Natural Ice. In the early part of 1800 the brig 
Favorite slid into the harbor of St. Pierre, Martinique, with 130 tons of 
cake ice in her hold. This was probably the first large-scale commercial 
venture in the refrigeration field, and the owner of this cargo, Frederic 
Tudor, lost some S3500 on the venture. Since ice was unknown in 
Martinique and no storage facilities were available for its preservation, 
the financial loss would have been much greater but for some quick think- 
ing on the part of the man later destined to become kriown as the Ice King. 
Through arrangements with one of the eating-house proprietors he con- 
cocted and introduced ice creams in the West Indies, where frozen 
desserts were virtually unknoAvn. 

In later years, by the construction of an icehouse at St. Pierre and by 
the use of pine sawdust as an insulation during the transportation of his 
ice cargoes, Tudor turned his idea into an extremely profitable business. 
He contracted for the cutting of ice in ponds and rivers throughout New 
England and shipped it throughout the world, not only to the West Indies 
and to the southern part of our own country but also to such faraway 
places as South America, Persia, India, and the East Indies. In 1849 his 
cargoes totaled 150,000 tons of ice; by 1864 he was shipping to 53 ports 
in various parts of the Avorld. The business he founded changed the 
lives and habits of people throughout the world, and the methods he 
used remained essentially the same until they were supplanted in the 
1880’s by the manufacture of artificial ice. 

Tudor’s ice empire Avas the first large-scale venture in refrigeration. 
Prior to his time ice Avas used in small quantities in many parts of the 
Avorld Avhere available Avithout transportation. In fact, refrigeration as 
an art had been knoAvn for thousands of years. In an ancient Chinese 
collection of poems, Shi Ching, there are references to the use of ice 
cellars in 1000 b.c. The Greeks and Romans are knoAAm to have con- 
structed snoAV cellars in AA'hich they stored tightly compressed snoAV and 
insulated it Avith grass, earth, and manure. Pliny the Elder Avrites of the 
ill effects of cooled drinks, and the emperor Nero is said to have invented 
cooling of beverages by placing their containers in snoAv. The Indians, 
Egyptians, and Esthonians chilled Avater and even produced ice by placing 
water in shalloAV, porous clay vessels, then leaving these overnight in holes 
in the ground. Radiation of heat to the colder interstellar space together 



THE HISTORY OF REFRIGERATION 




,^•ith vaporization of some of the water combined to accomplish the freez- 
ing As eailv as the fourth century a.d. the East Indians knew that cer- 
tahi salts, such as sodium nitrate, when placed in water would result m a 

lowering of the tenipcruture. 
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Fig. 1.1. An early cold-storage refrigeration application — from an 1890 Frick catalog. 

C ovirtesy Frick ('o. 

1.2. Artificial Refrigeration in the Nineteenth Century. In the spring 
of 1803 an anonymous author wrote as follows in the London Practical 
Mechanics Journal: 

One hundred years ago tlie notion of making ice by a machine would have 
seemed as preposterous as an attempt to call down fire from Heaven; by the 
popular masses, even the most civilized in Europe, it wouhl have been deemed an 
irnj)ossible but higlily impious attt'in])! to usuri> or travostie the supposed special 
powers of Deity alone; but to tlie liest informed. 1110 ice making would have 
seemetl more impractical tlian even the railing down or diverting the lightnings of 
heaven. The latter had, in fact, .already been done.' 

ISy this time engineers had designed and built practical artificial 
refrigeration machim's, though their slow-spei'd, oversized, and even 
han(l-o])<‘rat(‘d e(iuipment appears, in nd rospect, somewhat ridiculous. 


'Quoted in ‘Tc<‘ Making Mm-hlne.” Jnurmil of (he /‘V(inA‘///i lustifutCy Yol. 76 
(1863), p. 10-1. 
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The earliest recorded patent for a refrigeration machine was issued in 
Great Britain in 1834 to Jacob Perkins, an American. This unit, shown 
in Fig. 1.2, consisted of a hand-operated compressor, a water-cooled con- 



BRITISH PATENT ^6,662 

to 

JACOB PERKINS, GRANTED 1834. 

What I claim is an arrangement 
whereby I am enabled to use 
volatile fluids for the purpose 
of producing the cooling or 
freezing of fluids, and yet at 
the same time constantly con- 
densing such volatile fluids, 
and bringing them again and 
again into operation without 

waste. 


Fig. 1.2. The earliest recorded patent for a 
refrigeration machine, issued in Great Britain in 
1834. From “Some Interesting Refrigeration In- 
ventions,” by Robert A. O’Leary. Refrigerating 
Engineering, Vol. 42, No. 5, November, 1941. 

denser with a weighted valve at the discharge, and an evaporator con- 
tained in a liquid cooler. The unit was designed to be used with ether 
as the refrigerant. 

There were many other nineteenth-century pioneers in refrigeration. 
In 1851 Dr. John Gorrie of Florida obtained the first American patent 
for an ice machine, designed to use compressed air as the refrigerant. 
As a physician he was motivated by a desire to relieve the sufferings of 
fever patients and others exposed to high temperatures. Professor A. C. 
Twining of New Haven developed a sulfuric ether machine that preceded 
Gorrie’s; however, he failed to have it patented in the United States until 
1853. Dr. James Harrison of Australia also developed a sulfuric ether 
machine and in 1860 made the world’s first installation of refrigerating 
equipment in a brewery. In 1861 Dr. Alexander Kirk of England con- 
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stnirtcd a oolcl-air machine similar to Gorric’s; it is said to have consumed 
3 pound of coal for each four pounds of ice produced. 


one 


CONDENSER 



20 LB. 


ABSORBER 


FiS- 1-3. A (Ua|^ran»ninti<* skct(*li of l'(‘r<himiul ( ’nrro’s ahsorj^t ion system. Frt)in 
“Some Iiitcre.stinp Hc'frim'riit ion Invrntions," hy Hol>t’rt A. 0’i-.('ary. licfrigcratiug 
Engineering, \’ol. *12, No. 5, NovcinluT, UMl. 

Figure 1.3 shows diaf>;ramniati<'ally the apiJuratus which Ferdinand 
C’ariT' introducefi to the Gonfederate States from France during the Civil 
\\'ar. d'h(‘ ne(‘d for refrigeration had iK'come acute, since the supply of 
natural ice fiom tlu* North had hecMi ctit otT. Tliis was the first heat- 
op{*rat(‘d al>s()rj)tion systtun and consistt'd of an evaporator, condenser, 
generator, pump, and ;d)sorl)er. 'Fhis unit was designed to operate wnth 
ammonia as the refiiiii r.-ut and wati'r as the absorbent. 

A summaiy of tlu' .'talus ijf th(‘ science of refrigeration in 1876 is best 
given in an article l)y Ih. II. .Miudinger i>f Karlsridie, Germany.* 

Concentrated (•(►Id in tic fnnti of ice ac^inired day by day a higher importance 
for industrial as well a< (h ini 'lic purpo.^o. Brewing on tl\e Bavarian system, 
tlie proj>arati(m of ' I.agcr i which aiimngst us in Germany, at least, has 
nearly superseded all oth' i of Ix-er, depends upon the prolonged mainte- 


2 11. Meidinger, “Ihogrc.ss in lltc .'rtilicial Production of Cold and Ice.'* Journal 
Franklin InstiUite, Vol. 101 (1870), |). 2tl0. 
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nance of a temperature bordering upon the freezing point. The confectioner 
has no other practical means of producing a degree of cold from — 12° to — 18°, as 
required in the preparation of ice creams. The physician often employs the 
cold of ice both externally and internally as an absolutely indispensable remed 3 ^ 
The butcher and the hotel keeper can scarcelj'- dispense \nth this means of pre- 
serving meat. In the domestic spheie ice 
has become formally established, at least in 
large cities, where it can always be obtained 
at a cheap rate, and to those who have 
become accustomed to its use, it appears a 
necessary agent for prese^^^ng food and cool- 
ing beverages during the warm season. In 
chemical manufacturers ice has also found 
vaiious applications in the crystallization of 
salts, or, to speak in more general terms, in 
the separation of dissolved substances by 
means of cold. In proportion to the growing 
consumption, w^e see increasing quantities of 
ice stored up every winter. An extensive 
system of transportation has been arranged 
for conveying ice from the more northern and 
colder parts of this earth to regions near the 
equator. North Ameiica especially ships ice 
in astonishing quantities in all directions, even 
to Central and South America, to the West 
Indies and to India. Ice from Norway is 
sent to England and the German ports on 
the North Sea. In mild seasons, such as 
1862-63 and 1872-73, ice from glaciers of 
the Alps was sent down the Rhine in entire 
trains. 

Science has shown, how^ever, how' to pre- 
pare the important requisite artificially. The first attempts at the manufacture 
of ice on the large scale took place betw’een 1850-60; but this branch of industry 
has since been much extended. Even in regions where the wdnter is, as a rule, 
cold enough to permit ice to be stored up in quantity, e.g., in Germany, it 
has often been found remunerative to construct machinery for its artificial 
preparation, or in general teims, for the production of cold. Manufacturing 
establishments of this kind may be seen in various places in full activity, and 
after the mild winter of 1872-73, the demand for machine-made ice could scarcely 
be met. 

Although it is evident that by this time applications of refrigeration 
were finding their Avay into the daily lives of the people, there were still 
some reputable engineers who were not enthusiastic about the future of 
mechanical refrigeration. In 1877 Dr. A. W. Hoffman® wrote: 

Ice machines, however they may be eventually improved and their effect 
increased, wall never, in the more northern parts of the temperate zone, w'here a 


« A. W. Hoffman, *'On the Development of the Chemical Art During the Last Ten 
Years.” Journal Franklin Institute, \ ol. 1C2 (1877), p. 135. 



Fig. 1.4. James Harrison’s 
sulfuric ether machine, with steam 
engine, 1859. Courtesy Ice and 
Refrigeration. 
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moderately cold winter with frost is generally experienced, acquire importance 
enough to\neet the demand even approximately. They will sei ve meiely as 
valuable substitutes to render us independent of the fickleness of the seaso . 



Fig. 1.5. (’ast-iron <Iisks sorvod as fins on oarly cooling coils, 
below.) Woodcut from an 1890 De La Vergne catalog. 


(See view of lin shown 
Courtesy Frick Co. 



At the beginning of the 1800*s artificial 
refrigeration was coming into its own. Steam- 
jet and mechanical refrigeration systems were 
fairly common, and absorption refrigeration 
systems were receiving wi<le tisage. However, 
many fallacious ideas were foisted tipon the 
pul)lic, and many misconceptions prevailed. 
In 1802 it was aptly noted* that many refriger- 
ating sclaunes prcsentetl “ . . . an order for the 
demolition of tlu' .second law of thermodynam- 
ics in th(‘ int(‘rest of a scheme for the dissipa- 
tion of capital.” In this respect times have 
chang(‘d littU'. 

The early refrigeration industry was beset with difRcidties. In 1888 
six of the leading manufaci unus ludd a s('cret meeting in Now York to 


‘ dcorgf' ItirluiiDiMl, '* Xoti's on tlu* Hidrigcral ion I’rocess and Its Proper Place in 
'riiermodvnaniies;” 'I'ninsaiiiotis, Anicriran Sorivty of Mechanical EngirteerSy Vol. 14 
(1892-1893), p. 183. 
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discuss overproduction in tlieir field. 
They seemed to feel that the solu- 
tion was through consolidation, with 
two large firms dividing the country. 
The recently proposed Sherman Act, 
however, required that they proceed 
with caution. Howe^"er, the whole 
scheme was abandoned during the 
following winter, when an ice-crop 
failure threw production back into 
high gear. 

By 1900 a considerable porti(jn of 
the industry's activity was consumed 
in the conversion from natural to 
artificial ice, although a battle over 
the relative merits of these two prod- 
ucts raged for another 15 years. In 
the early 1900’s any product that had 
been frozen, whether by nature or 
otherwise, was considered damaged 
beyond repair. A Brooklyn bakery 
was virtually ruined by publicity 
over its alleged use of frozen eggs 
in cake. Legislation threatened the 
very existence of cold-storage ware- 
houses. Fluman lethargy was as 
difficult to overcome in those days 
as it is now. 

Compressors were still driven by 
steam at the turn of the century, 
and the operating speeds of large 
units were kept well within 50 rpm. 
The huge size of these old units is 
probably as impressive as any single 
feature. Figure 1.7 shows a 220-ton^ 
De La Vergne refrigerating machine 
of about 1890. Figure 1.8 illustrates 
a 4-ton ammonia absorption system, 
and Fig. 1.9 illustrates one of the 
first domestic refrigerating units. 



Fig. 1.6. Some early compressors 
injected the lubricant directly into the 
cylinder at end of return stroke. 
Thus, oil acted as a cooling medium in 
addition to its normal functions of lubri- 
cation and of sealing valves and piston 
rods. Woodcut from a De La V’ergne 
catalog, 1890. Courtesy Frick Co. 


Here the motive power was supplied by a hot-air motor or water turbine. 


® A ton of refrigeration is defined as the removal of heat at the rate of 12,000 Btu 
per hour (see §2.2). 
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1.3. Refrigeration Early in the Twentieth Century. The Refrigera- 
ting .Mucliincry Association was formed in 1903 and the American Society 
of Refrigerating Engineers in 1904. At this time ice-cream manufacture 



FiK 1.7. A 220-t<)ii I)c En W n'friK^’rating machine, 1890. 
Not(* tli<* size of tli(’ coiHirn.scrs. Woodcut from an early lie La 
I’cr^uc catalog. Courtesy Frick Co. 


was becoming an iitdtistry, and tlu're were a few isolated applications of 
refrigeration tor artilieial skating rinks, f\ir storage, drinking water cooling, 
and air conditioning for the manufaeture of eamera tilm and bakery and 
candy goods. In 1905 (lardner T. ^ ()orhees patented his famous multi- 
])l(‘-effect compressor, in which the refrigerant gas from two different 
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evaporators at dilTorent pressures could ho drawn in and compressed in a 
single cylinder. It is interesting to note tliat about 40 years la((*r the 
development of a practical means for the adoption of tliis patent was just 
starting. A 450-ton cooling system for air conditioning the Xew York 
Stock Exchange had been installed by 1904, and a similar comfort cool- 


ing system was installed in a 
German theater at about the 
same time. 

By 1911 compressor speeds had 
been raised to between 100 and 
300 rpm, and in 1915 the first 
modern two-stage compressor was 
put in operation. Although many 
reputable engineers claimed it to 
be a dismal failure, it was still op- 
erating successfully in 1940. By 
the time of the First World W'ar 
the National Bureau of Stand- 
ards had made accurate deter- 
minations of the latent heat of ice. 
Rotary compressors and steam-jet 
units were receiving their initial 
impetus, and refrigeration was 
being commonly used in the oil- 
refining industry. At this time 
domestic refrigerating machines 
were practically unheard of, al- 
though a few of them had been 
purchased by the very wealthy. 
Even as late as 1919 a discussion 
between various members of the 
American Society of Refriger- 
ating Engineers concluded that 
household units had few if any 
possibilities. 



Fig. 1.8. -\n early four-ton ammonia- 

absorption maclune. From “ Refrig<*r- 
ation in the Gay Nineties,” by David L. 
Fiske. Refrigerating Engineering^ Vol. 40, 
No. 6, December, 1940. 


If there is a lesson to be gained in reviewing the history of an industry 


such as refrigeration, it is through analyzing in retrospect the heated 
scientific arguments of former years. No longer do we find that, as in the 


1890’s, soda water and ice cream form an excellent subject for Sunday 


sermons,® that cold storage and artificial ice are unhealthful, or that 


* According to Stewart Holbrook, “In time soda water and ice cream became 
excellent new menaces for the more excitable clergy. In the author’s native town of 
Newport, Vermont, as late as 1890, a powerful sermon was preached against “suck- 
ing soda” and eating ice cream in drugstores on the Sabbath; and in certain Midwest 
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(„n, pressor speeds in excess of 100 rpm are well-nigh impossible. The 
rejection of a possible market for domestic refrigerating machines, and 
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I’i^. l.a, IhMily (lomrvstic rcfriKcratioii imitvS fro(|U(>iitly iisi'd hot-air motors 
or water tiirlfiru's. I'l'otn “ H<'frij;erat ioi» in tlu* Gay Xinctios,” by Davi^l h. 
Fiske. Itrfriyt nidiKj I’Jmjinvcrimj, Vol. -10, Xo. 0, Deuembor, T.)-10. 

of (‘Von a widespread us(‘ of refrij2;eration at all in the northern section 
of the coimtrv, now scmmiis ludi(*rous. 'Pwo-staj^e ami three-staj^o eom- 

tt)Wiis law.s were paMSt'd ajiainst tlie abomination, aiul the selling of soda water on 
Sunday was proliibil ed.” lAtsf Mi n nf Ann riran ///.s/ory. Xew York: The Macmillan 
Company, P.Mb, p. 120. 
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pressors are not only acceptable but necessary for low-temperature 
refrigeration, and air conditioning is an accomplished art. 

1.4, The Industry Today. The prewar peak production year of the 
refrigeration and air conditioning industry was 1937. In the decade from 
1927 to 1937 the expansion in dollar values of products manufactured 
was approximately 100 per cent. The total sales of the refrigeration and 
air-conditioning industry in 1937 were $375,000,000. This may be 
compared ^\'ith figures in the same year of $718,000,000 for the heating- 
and plumbing-equipment industry and $5,293,000,000 for the automobile 
industry. 

In 1940 the total installed capacity of refrigerating equipment^ in this 
country was 6.8 million horsepower. If it is assumed that the various 
classifications of refrigerating equipment may be placed in four majcr 
divisions, then 39 per cent of this horsepower was for domestic refriger- 
ation, 11.2 per cent for commercial refrigeration, 33.8 per cent in indus- 
trial refrigeration, and 16 per cent in air conditioning. In comparison 
Avith these figures the 1940 total capacity of all machinery of all kinds in 
industrial establishments in the United States Avas 51 million horsepower. 

The expansion of the refrigeration industry in the last fcAV years has 
been very great indeed. The world sales of household refrigerators in 
1933 were 881,000 units. In 1941 this had leaped to 3.5 million, or an 
increase of roughly 400 per cent. Toward the end of 1946 they were 
being produced at about this same rate. In 1939 over 31 million tons 
of manufactured ice was produced, and in the same year some 357 million 
pounds of dry ice was produced by 44 establishments in this country. In 
1940 approximately 14 million tons of food products was shipped via the 
railroads in refrigerator cars. In this same year there were 267 manu- 
facturers of air-conditioning equipment, and the value of their sales at 
factory prices was over $20,000,000. In 1941 there were 18/9 cold- 
storage establishments in the United States, and 202 million pounds of 
quick-frozen fruits and 107 million pounds of quick-frozen vegetables 
were processed for consumption. Fifty thousand tons of frozen foods 
was shipped in refrigerated railroad cars in 1945 and it is predicted that 
50 per cent of all perishable foods will be preserved by freezing before 
1955. It is expected that the 5000 locker plants of 1943 will be increased 
to 20,000 by 1950. 

In the last few years neAv industrial refrigeration applications have 
opened a comparatively new field for controlled-temperature application. 
In many plants air conditioning and refrigeration have become essential 
in the manufacture of products from both a quantity and a quality 
standpoint. Increased production of blast furnaces, as high as 27 per 

^All production and sales figures are from David L. Fiske, “The Demand for 
Refrigeration.” Refrigerating Engineering, Vol. 46, No. 6 (November, 1943), p. 321. 
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cent, has been obtained by dehumidification of the air charged to the 
furnaces. Certain synthetic rubbers cannot be produced without access 
to temperatures in the range of — 100 F. Air conditioning has been found 
useful in the manufacture of munitions, optical goods, plastics, textiles, 
smokeless powders, watches and other delicate instruments, and radio 
and electrical equipment, to name only a few applications. Low-tem- 
perature refrigeration is now used to obtain expansion fits as a substitute 
for shrink-fitting of metal parts. The low-temperature treatment of 
metals is a field virtually unexplored; one application is in the chilling of 
aluminum rivets to control age-hardening. The simulation of strato- 
sphere conditions in the laboratory for the testing of all types of aircraft 
equipment, including the engines themselves, requires refrigeration at 
— 67 F. In the process industries, refrigeration is used to carry out such 
operations as the separation of crystals from solutions. For example, 
phenol is fretiuently crystallized by refrigeration, and one borax-manu- 
facturing plant alone requires several hundred tons of refrigeration for 
crystallization. 

Applications of refrigeration in the medical profession are increasing 
daily, not only in the preservation of certain products but also in the 
actual treatment of some physical ailments. The use of “cold anes- 
thesia” has shown great promise in the field of surgery. The manu- 
facture of penicillin requires refrigeration and the removal of moisture 
under high vacuum. The same process is required in the drying of blood 
plasma, and the preservation of the blood requires refrigeration before 
the drying is accomplished. The refrigerant Freon-12 is widely used 
as an aerosol for the dispersal of DDT, the insecticide. 

In the refrigerated foods industry developments are occurring so 
rapidly that it is difficult to keep abreast of them. Increased application 
of domestic refrigerators has been supplemented by the entirely new field 
of domestic; low-temperature cabinets for the preparation and storage of 
frozen foods, both uncooked and precooked. Locker plants for the 
storage of frozen foods are becoming common in both rural and urban 


areas. lh>th low-temperature and high-temperature farm refrigeration 
form virtually a new outlet, following directly in the wake of rural 
electrification. ICven the preservation of foods by dehydration requires, 


in many case's, that the products first be frozen and the moisture removed 


under high vacuum at low temperatures. The transportation of foods 
has received considerable attention in the last few years with new 
developments in the refrigeration of ships, railroad cars, and trucks. 

'Ihese arc' l)ut a few of the widespread applications of refrigeration. 
Present-day refrige-ration reciuirements involve the entire temperature 
scab', almost down to absolute zero, with the lower temperature applica- 
tions used in the laboratory for the study of basic thermodynamic and 
physical facts still incompletely understood. ^lany of these applications, 
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together with the design requirements for the equipment, are described 
m some detail in the later chapters of this text. 
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ClHAPTER 2 


Basic Refrigeration Cycles and Concepts 

2.1. Introduction. In the artificial production of low temperatures 
ranging from the normal ambient-air temperature down to absolute zero, 
one or more refrigeration cycles or processes may be involved. For 
cooling in the temperature range down to —200 F, I'apor-comprcssion 
refrigeration using reciprocalin(jy rotary^ or centrifugal compressors may 
be used. For some applications within this band, air-cycle refrigeration, 
steam-jet refrigeration, or absorption refrigeration may be applied. Such 
systems are commonly used for the production of cold, and their cycles 
are introduced in this chapter. For the production of extremely low 
temperatures down to absolute zero, irreversible or reversible adiabatic 
expansion of a gas, vaporization ,of a licpiefied gas, or magnetic cooling 
may be used. A study of these specialized and limited processes is 
deferred until later in the text. 

Although refrigeration is primarily an application of thermodynamics, 
many other phases of engineering are involved in the design, manufacture, 
application, and operation of refrigeration systems. Some knowledge 
of the chemistry of refrigerants is desirable in determining their reactions 
with metals and other materials with which they may come in contact. 
The thermodynamic properties of the refrigerants must be known before 
the cycle analyses can be made. A study of evaporators and condensers, 
those portions of the system used for the absorption and rejection of heat, 
respectively, involves the fields of heat transmission and fluid mechanics. 
In addition, steady state and, in some cases, periodic and transient heat 
transfer are involved in the determination of cooling-load requirements. 
The calculation of cooling loads also recpiires a knowledge of psychrom- 
etry. Fluid nu'clianics forms the basis for the sizing of the lines through 
which the gaseous and li(piid refrigerants must flow. The design of 
reciprocating, rotary, or centrifugal com])ressors or of an air-cycle turbine 
involves a variety of machine design problems. The physical capacity 
of a compressor or expander will be determined from thermodynamic 
factors, but the physical design must alst) in\a>Ive structural consider- 
ations. In the pr(‘sent chapt(U‘ tlie basic refrigeration cycles and coni- 
pr(*ssor modifications are inti'oduced prior b> their detailed analysis in 
sul).s(*(jU('nt. chapt(*rs. 

2.2. Standard Rating of Refrigerating Machines. The standard unit 
u.sed in the rating <^1 retrigerating machines, condensing units, and other 
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parts of a refrigerating system is the ion of refrigeration, defined as the 
removal of heat at the rate of 12,000 Btu per hour or 200 Btu per minute. 
The ton-day of refrigeration, also sometimes used, is defined as the heat 
removed by a ton of refrigeration operating for one day, or 288,000 Btu. 
These somewhat ambiguous terms have their origin in the concept of the 
amount of heat absorbed by a ton of ice when melting from the solid to the 
liquid phase at 32 F. This derivation assumes a latent heat of ice of 
144 Btu per pound, whereas it is actually slightly less than this. How- 
ever, no error is introduced in the calculations, because the units are 
defined in terms of heat removal and are no longer associated with the 
melting of a definite weight of ice. 

2.3. Elementary Vapor-Compression Refrigeration Cycle with Recip- 
rocating Compressor. At atmospheric pressure, liquid ammonia evap- 
orates at — 28 F (saturation temperature corresponding to 14.7 pounds 
per square inch absolute pressure or psia), and under these conditions 
one pound of liquid ammonia in changing to vapor absorbs 589.3 Btu 
(latent heat of evaporation). Thus the simplest form of a vapor refriger- 
ation system consists of an open vessel containing a liquid refrigerant such 
as ammonia. The ammonia evaporates at temperatures below those 
surrounding the container and in so doing absorbs heat. However, such 
an uncontrolled refrigeration system is uneconomical, since the refrigerant 
is not recovered and the evaporating temperature is limited to that corre- 
sponding to the atmospheric pressure. Such systems are therefore never 
used commercially. 

With proper auxiliary equipment, however, the refrigerant can be 
recovered and reused in a cyclic process; moreover, the temperature of 
evaporation of the refrigerant can be controlled by controlling the pres- 
sure. Thus if liquid ammonia is maintained at a pressure of 30.42 psia, 
the saturation or evaporating temperature is 0 F, and the latent heat of 
vaporization is 568.9 Btu per pound; if the absolute pressure is 59.74 
psia, the evaporating temperature is 30 F, and the latent heat of vaporiza- 
tion.is 544.8 Btu per pound. The refrigerant change from liquid to vapor 
or from vapor to liquid may be controlled by controlling the pressure of 
the refrigerant. If the ambient temperature surrounding the refrigerant 
and its container is above the saturation temperature corresponding to 
the refrigerant pressure, then evaporation, and consequently absorption 
of heat, takes place. If the refrigerant is already in the vapor state and 
if the temperature surrounding the refrigerant and its container is below 
the saturation temperature corresponding to the refrigerant pressure, 
condensation occurs. Other standard refrigerants serve as well as 
ammonia, and the pressure, volume, temperature, enthalpy, and entropy 
relationships may be determined from standard refrigerant tables. 

A complete vapor-compression refrigeration system requires an 
evaporator to contain the boiling liquid refrigerant, a compressor to pump 
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the refrigerant vapor from the low-pressure to the high-pressuie side of 
the system and to control the pressure Avithin the evaporator, and a 
condenser for removing the heat from the refrigerant gas so that it may 
be returned to liquid form. In addition a receiver for storing the liquid 
refrigerant under high pressure and an expansion valve for controlling 
the rate of flow of the licpiid refrigerant between the high- and low-pressure 



Fig. 2.3. Fig. 2.4. 


sides of the system arc needed. Such a system is shown in progressive 
stages of operation in I'igs. 2.1 through 2.8. 

In Fig. 2.1 the high-pressure (154 psi gage) licjuid ammonia is held 
in the receiver. Atmospheric pressure is assumed to be 14.7 psia. 

In Fig. 2.2 the li(iuid passes to the entrance of the expansion valve. 
The temperature of the liciuid ammonia is 8t) F, the saturation tempera- 
ture at 154 psi gage*. 

In I ig. 2.8 the liepiid n'lrigerant is throttled through the expansion 
valve into the evaporate)!'. Here a low pressure of 19 psi gage is main- 
tained by operation of the compressor. T'he expansion valve shoAATi is one 
in which the size of tlie needle* e)pe*ning is e*e)ntrolled by hand. In com- 
mercial operation, aute)matie*ally ce)ntrolleel expansion valves are fre- 
epiently used. 

In Fig. 2.4 the lieiuid ammonia is evaporateel at a temperature of 
5 F correspe)neling to the eAaporator pressure. The refrigerant is no 
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longer in a stable state, since the objects surrounding the evaporator are 
at a temperature higher than 5 F and thus supply the latent heat absorbed 
through the coil walls. 

In Fig. 2.5 ammonia vapor from the low-pressure side of the system 
has been drawn into the compressor and discharged into the high-pressure 
side. 



Fig. 2.7. Fig. 2.8. 


In Fig. 2,6 the high-pressure ammonia gas is discharged into the con- 
denser. Both the condenser and the evaporator shown are simple but 
inefficient in design. More effective arrangements and designs for these 
heat-transfer surfaces are discussed in Chapter 11. 

In Fig. 2.7 water passing over the condenser coils removes first the 
heat of superheat and then condenses the vapor by removing the latent 
heat. The heat removed by the condenser is equal to that absorbed in 
the evaporator plus the heat equivalent of the energy supplied to the 
vapor through the compressor. 

In Fig. 2.8 the liquid ammonia from the condenser returns by gravity 
to the receiver. All processes occur simultaneously, only the action of 
the reciprocating compressor being intermittent in operation. 

2.4. Elementary Vapor-Compression Refrigeration Cycle with Rotary 
Compressor. The vapor-compression refrigeration cycle may be applied 
to forms of equipment other than those discussed in §2,3. The com- 
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prossor nood not bo rooiprooating, nor need the expansion device be an 
orifice with size controlled either by hand or automatically. The con 
tlensoi- may bo air-ooolod as woll as watoi-cooled, and the evaporator may 
1)0 flooded with the liquid refrigerant. Such a modihcation w ith a 
rotarv compressor, flooded evaporator, capillary expansion tube, and 
air-<'ooled eomlenser, all similar to those usc<l in domestic refrigerators, 
is shown in progressive stages of operation in I'lgs. 2.9 through 2. . 
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In Fi^. 2.9 tlie .sysltmi is inoperative, witli tiie licjuid refrigerant 
stored in the evaporator, tlie cajiillarv tube, and the condenser. Since 
the evaporator is at a Iowcm* temp(‘ra(ure than the etuulenser, the greater 
part of th(‘ licjuid r(*frig(*rant is stonal in that portion of the system. The 
remaining spac(‘ in tlu' system contains gaseous refrigerant. Pressures 
in all parts of the system are (apialized. 

In Fig. 2.10 the rotarv comj>ressor has started revolving, and some 
h(‘at l>as enl<‘red the ('vaporntoi', ndc'asing some lo\v-i>ressure refrigerant 
vapor, d'he design of rotarv com])r(‘ssor shown consists of an eccentric- 
dri\(‘n rotor r(*volving within a closed housing and with a spring-operated 
.stading blade separating the suction ami discharge passages. In the 
position of tlu* rotor slu)wn. the suctit)n space between the eccentric and 
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the blade is very small, and the compression chamber volume is close to 
a maximum. 

In Fig. 2.11 the suction chamber has increased in volume, and the 
discharge chamber has decreased in volume. Compression of the 
gaseous refrigerant in the discharge chamber has progressed to a point 
where it is slightly higher than the condensing pressure, and the discharge 
valve has opened, permitting a flow of gas from the compressor to the 
condenser. 

In Fig. 2.12 continued movement of the rotor has increased the suc- 
tion space, thereby increasing the volume of the vapor charge from the 
evaporator. The discharge space has been further reduced, and flow 
of gas to the condenser continues. 



Fig. 2.13. Fig. 2.14. 

In Fig. 2.13 the rotor has progressed further. It is assumed that a 
sufficiently large number of rotor revolutions have occurred so that the 
charge of refrigerant entering the condenser has started to condense. 
The condenser is air-cooled and has finned exterior surfaces. Movement 
of air over the condenser may be by either gravity or forced convection. 

In Fig. 2.14 the compressor rotor is shown in the dead-center posi- 
tion, ^vith all the compressed refrigerant discharged. The condenser 
pressure has closed the discharge valve, and it will remain in that position 
until another revolution compresses the next suction charge to the con- 
denser pressure. The flow of the liquid refrigerant from the condenser 
to the evaporator has started through the capillary tube. The restric- 
tion to flow caused by this small-bore tube is sufficient to allow the pres- 
sure in the condenser to build up to the point where condensation can 
occur with air as the cooling medium. As liquid refrigerant passes 
through the capillary tube, a continuous drop in pressure occurs, with 
a partial flashing of the liquid to vapor. The amount of liquid flashed 
becomes progressively greater as the refrigerant travels through the tube 
and is a maximum at discharge into the evaporator. Here as much as 
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20 to 30 per cent of the liquid refrigerant may already be in gaseous form, 
dependent upon the drop in pressure from the condenser to the evaporator 
and upon the amount of liquid refrigerant subcooling that has occurred 
in the condenser. 

2.6. Elementary Vapor-Compression Refrigeration Cycle with Cen- 
trifugal Compressor. The vapor-compression refrigeration cycle may 
also be adapted to ecpiipment designed for centrifugal compression of the 
refrigerant vapor. With such a system compression is accomplished 



Fig. 2.15. Fig. 2.16. 
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through centrifugal for<'e in a manner similar to that utilized in the 
movement oi air l)y a c(‘ntrifugal blower. Since compression is not posi- 
tive, tlie pressure <lill('r('nl ial developed is low compared with that for 
reciprocating compres.sors. Tluuefore, refrigerants operating satisfac- 
torily with low compression ratios must be used. 

C entrifugal compression systems an' usually designed with a condenseVy 

evaporator j and compressor^ all mounted on a single base. A secondary 

refrigerant such as a hnne or trafer is used to convey heat from the point 

ot the load to the ('vaporator. Piogressive stages in the operation of a 

typical c('ntrifugal refrigc'ratit)!! system are shown in Figs. 2.15 through 
2.19. 
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In Fig. 2.15 the system is inoperative, with the liquid refrigerant 
stored in the cooler or evaporator. The liquid refrigerant surrounds 
the cooler tubes, through which brine is circulated when the system is 
under load. 

In Fig. 2.16 the cooler is loaded through the circulation of brine from 
the point of the load to the cooler tubes. Heat is absorbed, and boiling 
of the liquid refrigerant occurs. The centrifugal compressor is started, 
thus removing refrigerant vapor from the cooler and at the same time 
evacuating the cooler to an evaporator pressure corresponding to the 



desired evaporator temperature. Refrigerant vapor is sho\vn entering 
at the hub of the centrifugal compressor. 

In Fig. 2.17 refrigerant vapor has passed through the compressor and 
is sho^^^l entering the passageway leading to the condenser. Compres- 
sion of the refrigerant has occurred by virtue of the centrifugal force 
imparted to the vapor by passage 
through the compressor impeller 

and by the additional velocity head -v compressor 

imparted to the mass as it is car- 
ried in rotation by the whirling iL 
impeller. 

In Fig. 2.18 the gaseous refrig- 
erant has entered the condenser 
and surrounds the condenser tubes, 
through which cold water has start- »• 

ed to circulate. 2 19 

In Fig. 2.19 condensation of the 

refrigerant is occurring in the condenser, and the liquid flows by gravity 
to the cooler. A constant level of the refrigerant in the cooler is main- 
tained by means of a float-operated valve. The system is now in com- 
plete and continuous operation. 

2.6. Elementary Ejector Refrigeration System. Another variation 
of the basic vapor-compression refrigeration cycle is obtained by using 
an ejector to remove the refrigerant vapors from the evaporator chamber 
and to control the evaporator pressure. In such a system the fluid 
used to operate the ejector is mixed with the evacuated refrigerant 
vapors, and hence the design is greatly simplified if the motive fluid 
used for operation of the ejector is the same as the refrigerant. Such 
a system, therefore, is inherently adaptable to the use of water as 
the refrigerant and steam as the ejector fluid, and when so designed is 
termed a steam-jet refrigeration system. The equipment required is an 
evaporator chamber^ a primary steam ejector and one or two secondai^ ejec- 
tors, a primary condenser and one or two secondary condensers, and two 
liquid pumps. Such a system is shown in progressive stages of operation 
in Figs. 2.20 through 2.24. 
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In F\g. 2.20 the steam-jet refrigeration system is inoperative, ■with 
water stored in the evaporator but not circulating through it. 

In Fig. 2.21 steam at high velocity passes through the primary nozzle 
and through the ejector venturi leading to the primary condenser. Any 
vapors in the evaporator are entrained with the primary steam jet, and 
a vacuum is pulled upon the evaporator chamber. For efficient operation 
the motive steam must be supplied at approximately 100 to 150 psia. 
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In Fig. 2.22 water, acting as both a primary and a secondary refrig- 
erant, is circulated through the evaporator or flash chamber. The water 
returned from the point of the ndrigeration load is sjirayed through noz- 
zles into the flash charnb(‘r in order to provide exi)osure of the maximum 
surface area for rai)id evaporation. The evaporated water passes through 

eliminator plates for removal of any 
entrained licpiid and hence into the 
primary ejector stream. The ejec- 
tor is capable of a compression 
ratio of approximately 8 to 1. 
Tlu'refore, if the evaporator pres- 
sure is 0.25 in. of mercury absolute 
(corresponding to a 40 F evapora- 
tion temperature), the pressure in 
the primary condenser will be 
2 22 approximately 2 in. of mercury ab- 

solute. Hefrigeration is accom- 
plished l)y tlie flashing of a portion of the circulated water to water 
vapor, with the hPcrit liout of vaporization absorbed from the remaining 
mass of water. Thus the water leaving the evaporator is several degrees 
lower m lem|,eratnr<. than that entering and may therefore be used for 
re rigerafion. Afake-up water is added to the system to take the place 
ol the vajtors flashed and removed from the evaporator. 

In iMg. 2.2:f the motive steam, together with the flashed water vapor 
has entered 11 k> primary eoiulenser. (’ondenser cooling water is also 
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flo^’ing, and both the motive steam and the flashed vapor are recovered 
by condensation. Since this water is at a low pressure (2 in. mercury 
absolute), it is returned by forced circulation to the boiler supplying the 
motive steam. 

In Fig. 2.24 the secondary condensers and ejectors are placed in opera- 
tion. These enable noncondensed vapors and gases to be removed from 
the primary condenser and, by two successive stages, to be raised to 
atmospheric pressure. The noncondensible gases are discharged to the 
atmosphere from the final condenser. The system is now in complete 
and continuous operation. 




2.7. Elementary Air-Cyde Refrigeration System. The air-cycle 
refrigeration system is unique in that it is the only cooling process ever 
used widely in commercial application in which the refrigerant remains 
gaseous throughout the cycle. Because air is free of cost and completely 
safe, it is used as the refrigerant. An air-cycle sj'^stem may be either open 
or closed. In a closed system the air refrigerant is confined to the piping 
and component parts of the systen^ at all times; in the open system the 
air is expanded directly into the space to be cooled, allowed to circulate 
throughout the cooler, and is then returned to the compressor to start 
another cycle. Air-cycle refrigeration systems as originally designed and 
installed are now practically obsolete because of their inherently high 
horsepower requirements. However, modern adaptations to aircraft 
refrigeration have proved to be desirable because of the low weight 
and volume of the equipment and the ability of the system to utilize the 
available cabin-air supercharging system. 

An air-cycle refrigeration system requires a compressor, a cooler, an 
expander, and a refrigerator. Because the refrigerant remains in the 
gaseous state at all times, the terms ‘^condenser” and “evaporator” have 
no true meaning and are replaced by “cooler” and “refrigerator,” respec- 
tively. Figures 2.25 through 2.29 show progressive stages in the opera- 
tion of an elementary air-cycle refrigeration system. 
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In Fig. 2.25 an inoperative closed air-cycle system is shown. The 
compressor is a conventional reciprocating single-acting compressor ^vith 
spring-actuated poppet valves, and the expander is of similar design. 
Both compressor and expander are attached to a common reciprocating 
shaft connected to an outside source of power, which may be a steam, 
electric, or internal-combustion engine. 




In Fig. 2.2(» external power is applied to the reciprocating shaft, and 
a charge of air is drawn into the com])ressor. At the same time the charge 

of air already in the expander cylinder is exhausted through a discharge 
valve to the ndrigerator. 

In Fig. 2.27 the compressor charge is comjuessed and discharged to 
the cooler. At the same time a eharg(' of compressed air from the cooler 
is allowed to pass into the expander cylinder, and the work of expansion 
is recovered and ai<ls in operation of the eomiuessor. After the system 
has beem in optuation for a sliort tinu'. the cooler will be charged with 
comi)r(*ssed air at pressures of approximattdy 1 50 to 200 psia. The refrig- 
erator will be eluirged with air expanded from high to low pressure and 
at a pressuiv of aiiproximately 15 to :^0 psia. Thus the section of the 
system from the pivssure discharge valve throvigh the cooler and to the 
entrance of the ('xpaiuier will b(' under l\igh pressure, and the section 
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from the discharge of the expander through the refrigerator and to the 
entrance of the compressor will be under low pressure. 

In Fig. 2.28 the compressor and expander valves are again ^howii in 
the same positions as Fig. 2.26. Water is now flowing throuj..!! ilie cooler 
to remove the sensible heat resulting from compression of : i,. air. The 
compressed air leaving the cooler and entering the expajider will be at 
temperatures of about 70 F. 

In Fig. 2.29 the compressor and expander valve positions duplicate 
those of Fig. 2.27. The approximately isentropic expansion of the com- 
pressed air into the refrigerator will 
result in an appreciable lowering of 
the air temperature, with the dis- 
charged air in some cases as low as 
— 100 F. Frost formations have 
now appeared on the refrigerator 
coils, and the system is in complete 
and continuous operation. 

2.8. Elementary Absorption Re- 
frigeration Cycle. In an absorption 
refrigeration cycle the compressor 
is replaced by an absorber and a 2.29. 

generator. The system operates essentially upon the standard vapor- 
compression refrigeration cycle, but a secondary fluid is introduced in 
addition to the refrigerant. In an absorbing chamber the refrigerant vapor 
from the evaporator comes in contact ^vith and is absorbed by this secon- 
dary fluid or absorbent. This strong absorbent (high in concentration of 
absorbed refrigerant) is then transferred to the generator, where heat is 
applied, and the refrigerant vapor is driven off and into the condenser at 
high pressure. The resulting weak absorbent (weak in concentration of 
refrigerant) is then returned to the absorber, where the cycle is repeated. 
Figures 2.30 through 2.34 present progressive stages in the development 
of an absorption refrigeration system. 

In Fig. 2.30 the simplest form of refrigeration by evaporation is rep- 
resented by an evaporator coil passing through an insulated space to be 
refrigerated. Alcohol, ether, or some other readily evaporated liquid is 
allowed to flow in at the top of the evaporator, and a fan is supplied to 
create a steady floAV of air over the evaporating liquid. The current of 
air removes the gaseous refrigerant, and the latent heat of vaporization 
is supplied through the evaporator-coil walls. Such a system is unsatis- 
factory, since the evaporating temperature is uncontrolled and must 
correspond to the saturation temperature of the refrigerant at atmos- 
pheric pressure. It is also uneconomical, because the refrigerant is not 
recovered. 

In Fig. 2.31 several improvements have been added to the elementary 
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system of Fig. 2.30. The evaporator has been extended into a complete 
circuit, and an absorber has been added. The refrigerant is alcohol. 
The absorber water is poured into the system and is allowed to flow over 
a benti in tlie tubing so that the evaporated alcohol must flow through a 
curtain of water. Here absorption of the alcohol vapor occurs, and the 
absorbent Ix'comes a water-alcohol mixture. The fan is eliminated from 
the system, since the cold vapors leaving the refrigerator are greater in 
den.sity than the ct)mparatively warm air leaving the evaporator. In 
the process of absorption some heat is released, tliereby warming this air. 
This system is still impractical, however; for although the refrigerant is 




Fig. 2.30. 


Fig. 2.31. 


recovered, it has not been returned to a usable state. Furthermore, the 
alcohol-water solution collecting in the chamber at the bottom of the 
absorber must be constantly removed from the system. 

In F'ig. 2.32 further improvements have resulted in a practical absorp- 
tion refrigeration system. Here the strong solution of alcohol and water 
is drained by gravity to a generator. Heating of the strong absorbent 
drives off much of the alcohol trom the solution, ami a bubble ptnnp^ oper- 
ating upon the ordinary cotTee-perculator luinciple, drives alternate slugs 
of li(juid and alcohol vapor into a .svpam/e/’. From the separator the 
alcohol vapor flows to the condenser, where li(]uid alcoliol is formed for 
reuse as a retrigerant. The weak absorlx'ut solution drains by gravity 
from the separator into the absorber, where tlu' liciuid again picks up the 
alcohol vapor from the evajxuator. l.icpiid s(ads are necessary in both 
tlie discharge Irom the condiuiser and the discharge from the separator. 

C omnuu'cial adaptations ot the cycle shown here are usually limited 
to fiactional and small-tonnag(' .systcuns. Ix'cause a bubble pump is inad- 
e(|uate foi mo\ ein(‘nt ol largt* vitlunu's t)t li(|uid. Ammonia is commonly 
u.-^cd as a icliig(*iant ami water as tlu' absorbent. Hydrogen gas is sub- 
stituted for air as a conveying medium in the evaporator and absorber 
coils. In ordtu- lluit the system may operate properly with a refrigerant 
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such as ammonia, it is necessary that the pressure of the evaporating 
ammonia be much lower than that of the condensing ammonia. This 
low temperature is obtained by proportioning the volumes of water, 
ammonia, and hydrogen so that the required pressure of the evaporating 
ammonia plus the pressure of the hydrogen gas in the evaporator- 



Fig. 2.32. Fig. 2.33. 


absorber circuit is equal to the comparatively high pressure of the con- 
densing ammonia alone in the generator-condenser portion of the system. 
Thus, by segregating the hydrogen gas in the evaporator-absorber circuit, 
the pressure differences between the parts of the system are small, and 
mechanical moving parts are eliminated. 

In Fig. 2.33 a simplified commercial adaptation of the cycle as applied 
to large systems is shoA\Ti. Hydrogen gas has been eliminated from the 


evaporator-absorber circuit, and 
now it contains only low-pressure 
evaporating ammonia. This con- 
dition makes two expansion valves 
necessary: one between the con- 
denser and the evaporator and the 
other between the generator and the 
absorber. A mechanical liquid 
pump is required to transfer the 
strong absorbent from the low-pres- 
sure absorber chamber into the high- 
pressure generator chamber. A 
water-cooled condenser has replaced 



Fig. 2.34. 


the air-cooled condenser of the previous system. Absorption units 
developed from this elementary design are manufactured with capacities 
as high as several thousand tons. 


Figure 2.34 shows a refined commercial adaptation of Fig. 2.32 as 
applied to domestic refrigerators. The only additions over the basic 
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cycle arc a gas heat exchanger, a liquid heal exchanger, and an analyzer, all 
added for greater efficiency. The liquid heat exchanger is used to heat 
the strong absorbent entering the generator while cooling the weak absorb- 
ent entering the absorber. The gas heat exchanger cools the hydrogen 
entering the evaporator while heating the evaporated ammonia entering 
the absorber. A small amount of the vapor leaving the separator is con- 


densed in passage through the strong absorbent in the analyzer. Since 
some water vapor is carried along with the ammonia gas leaving the sep- 
arator and since the first gases to condense are strong in water vapor if any 
is present, the remaining ammonia gas entering the condenser becomes 
concentrated. This procedure also prevents sufficient water from enter- 
ing the evaporator and forming frost. 


PROBLEMS 


2.1 A creamery must cool 2.300 gal of milk received cacli <lay from an initial 
temperature of SO F' to a final temj)erature of 3S F in 3 hr. If all losses are neg- 
lected, what must be the capacity of the refrigerating macliine? The density of 
milk is 8.0 lb per gallon, and the specific lieat is 0.935. 

2.2 If the compressor in Problem 2. 1 is to opciate 8 hr per day with the surplus 
refrigeration accumulated in brine-storage tanks, what must the capacity be? 

2.3 Live hundred pounds of beef is to ])e cooled from 75 to 0 F in 6 hr. Freez- 
ing occurs at 28 F, tl)c specific liojit before freezing is 0.77, the specific heat after 
freezing is 0.40, and the latent heat of fusion is 100 Btu per pound. Determine 
the required cajaicity of the refrigerating machine. 

2.4 A cold-storage room has insi<lc dimensions of 40 X 25 ft ^^’ith a 10-ft 
ceiling. The over-all cocllicient of heat transmi.ssion (Btu per (sq ft)(F)(hr) 
from air to air through the construction] for the walls and ceiling is 0.09 and for 
the floor is 0..30. The inside temperature is to be maintained at 25 F. If the 
outside-air temperature adjacent to walls and ceiling is 80 F and that adjacent to 
the floor is 00 F, determine the capacity of refrigerating unit required for 70 
per cent running time. 


2.6 Fifteen hundred gallons of ice cream is to ])e manufactured per day. The 
ice-cream mix, which has a si>ecific gravity of 1.10, swells 55 per cent during the 
freezing process. Determine the tons of refrigeration required to accomplish 
the initial freezing from 45 F t(t 22 F if the heat aI)sorbed per iKUind is 60 Btu 
(latent and sensil>le). Freezing must be accomi)lishcd in 6 hr, and refrigeration 
los.ses are 10 per cent. 

2.6. Cold salt brine at an initial temperature of 30 F is used in a packing 
plant to chill beef from 100 to 3S F in IS lir. Determine tlie gallons of brine 
required to cool 1000 beeves of ;)00 lb eneh if the final brine temperature is 35 F. 
The specific gravity of the brine is 1.05 and the specific heat 0.90. The specific 
heat r)f the beef is 0.75. 



CHAPTER 3 


Review of Thermodynamics 

3.1. Introduction. Refrigeration is concerned with the absorption of 
heat from a location where it is objectionable plus its transfer to and 
rejection at a place where it is unobjectionable. Regardless of the means 
by which this heat transfer is accomplished, the problem is one of applied 
thermodynamics. In some methods of refrigeration the working medium 
approaches a perfect gas, and the relatively simple thermodynamic 
equations for perfect gases may be applied. In the more commonly used 
forms of refrigeration, however, the working medium or refrigerant 
alternates between the liquid and vapor phases. Here the thermody- 
namic relationships are complex, and it is necessary to use tables and 
charts to present the physical and thermodynamic properties. This 
chapter is concerned with summarizing the important relationships of 
both gas and vapor thermodynamics, with emphasis on those phases 
most applicable to refrigeration. 

3.2. Ideal Gases and Vapors. An ideal or perfect gas is one that 
obeys the relationship 

pv = RT (3.1) 

and the other perfect gas laws exactly and has constant specific heat. 
Here p denotes pressure, v specific volume, R the gas constant, and T 
absolute temperature. The volume of such a gas will be zero at absolute 
zero, and its molecules will possess pure rectilinear motion between 
contacts. In order that this may be the case, such a gas must be entirely 
free from any molecular forces. The specific heats of such a gas are 
constant regardless of pressure or temperature changes, and, since the 
molecules may possess no energy of position, it is impossible that the gas 
have any internal latent heat or heat of disgregation. Hence it is impos- 
sible to change such a gas to the liquid or the solid states by lowering the 
temperature and increasing the pressure. 

No real gases follow this behavior prescribed for ideal gases. In 
cooling a real gas toward absolute zero, it is eventually condensed and 
finally solidified, thus indicating departure from the perfect thermo- 
dynamic relationships. Although no real gas conforms exactly to equa- 
tion 3.1, all experience indicates it to be the limiting relationship as the 
pressure approaches zero or the temperature infinity. If the conditions 
under which a gas exists, however, are sufficiently removed from its 
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the gas laws no longci api . , isotherms plotted on a pressure- 

to the li<iuid phase. P.gu e 3.1 states. 
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I'ig. 3.1. 

of a rcctanKular hyperlmla. A.s the isotherms approaeh the criiiced 
isotherm cleliniiig the temperature above whieh the substance cannot 
exist as a licpiid, the deviation from this equation becomes apparent. 
It is in ttiis region that gases are (isually termed vapor, and most refngei^ 
ants are in this region when in tiic vapor state. In this and m the liquid 
regions many eipiations of state have been proposed in substitution for 
equation 3.1, luit none of reasonable complexity have sufficient precision 
for practical purposes. 'I’he most, historical of these is van der Waals’ 

(Hpuition: 

|. (,, _ h) = RT (3.2) 


in which n and h arc constants varying with the gas. T.he constant a is 
introduced to compensate for the inlei inoleciilar forces in the real gas and 
the constant, h to compensate for the reduction in spccilic volume due to 
the volume of the molecules. 

3.3. Properties and State of a Substance. A property of a substance 
is any (juautitative eharaeteristic, a ditYereneo of whose values between 
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two states of the substance is independent of the path or process by 
which the substance is transferred from one state to the other. In a 
refrigerating system the refrigerant is a working substance used for the 
purpose of absorbing heat from a source (the evaporator) and discliarging 
It through a sink (the condenser). Some type of heat pump must be 
located between the source and sink so that the energy absorbed by the 
refrigerant at the evaporator may be transferred to the condenser for 
discharge. In order to predict or study the performance of a refrigerat- 
ing system It is necessary that the refrigerant be defined throughout the 
various points of the system in terms of its measurable properties. 

For most engineering purposes, including the field of refrigeration, 
the seven most essential properties^ are the following: 

(1) Pressure, pounds per square inch absolute (psia) 

(2) Volume, cubic feet 

(3) Temperature, F or absolute 

(4) Kinetic energy, foot-pounds 

(5) Internal energy, Btu 

(6) Enthalpy, Btu 

(7) Entropy, Btu per F 

The first three of these properties need no further discussion, since 
they are readily comprehensible and may be determined by direct obser- 
vation of instruments or by simple measurements. They are used either 
m their absolute values or in differential. The remaining four are more 
comple.x m their conception and are further discussed in the following 
sections. The last three of these are used almost entirely as differences, 

and the numerical values are referred to arbitrary datum levels chosen 
for their simplification of problems. 

A working substance may exist in any of three states or phases: 
solid, liquid, or gas. The gaseous phase may be further divided for 
engineering purposes into two regions; the region of vapors and the region 
of true gases. The division, as noted previously, is a purely arbitrary 
one, vaguely defined by the degree of conformity to the perfect gas laws 
In most refrigerating systems the refrigerant alternates between the 
liquid and vapor phases. In the little-used air refrigerating machine 
the working substance is confined to the gaseous phase. In the manu- 
facture of dry ice or solid carbon dioxide, the solid, liquid, and gaseous 
phases are all encountered. 

upon other 

objects if Its velocity is decreased but must have work done upon it by 

an outside source if its velocity is to be increased. The energy that a 

body possesses by virtue of its motion is termed kinetic energy and is 
defined as 


^ See Appendix Table A.l for corresponding letter symbols. 



34 


review of thermodynamics 


Kinetic energy = 
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(3.3) 


and the work done by a body during a change of velocity is 


.. - 1' (C,- - y,-) 


(3.4) 


where the subscripts 1 and 2 refer to the initial and 

ir denotes weight, (f gravitational acceleration and 7 velocity. In 
refrigeration this property of the working medium is useful in 
the action of steam-jet units, centrifugal compressors, and refrigerant 
injector nozzles, and in stu, lying the throttling process. In most cases 
however, the energy interchange involved during a, velocity change of 

the working svihstance is sufficiently small to be negligible. 

3.6. Internal Energy. The internal energy of a substance as applied 
to refrigeration is the kinetic energy of its molecules plus the potential 
energy possessed by virtue of the molecular arrangements assumed 
agaiLt mutually attractive forces. Subatomic internal energy some- 
times included by the physicist and chemist, has no common application 
in engineering thermodynamics, and atomic energy, at present, is con- 
sidered only in engineering processes involving combustion. 

The internal kinetic energy of a sulistance is commonly termed sen- 
sible heat, since it increases in relation to the absolute temperature of 
the body. The internal potential energy of a body is commonly termed 
latent heat, or heal of disgregation, as it is evidenced only during changes 
of phase and therefore is unaccompanied by any changes in temperature. 
Thus, equivalent weights of water, ice, and steam at 32 F would all 
possess the same internal kinetic energy, but the internal potential 
energy, and therefore the total internal energy itself, would be different 
because of the difference in phase. The internal energy of an ideal gas 
would be eciual to the sensible heat alone, because its concept inherently 

allows no change of phase. 

3.6. Enthalpy. Enthalpy is an arbitrary composite energy term 
defined as the sum of the internal energy of a substance plus the product 
of the absolute pressure and the volume in heat units. Expressed 
mathematically, this is 


h = y 


pv 


(3.5) 


Although enthalpy is one of the most practical and widely used thermo- 
dynamic energy terms, it is probably one of the least thoroughly under- 
stood. Under all conditions the internal energy portion of the term 
consists of stored (‘iiergy and is a property ol the substance. The pv/J 
product is also a property of tlu' substance but does not indicate stored 
energy. There is, how(‘ver, a form of energy indicated by these same 
factors but present only during steady, continuous flow of the substance. 
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In the case of a flo^Wng fluid such as a refrigerant, the pv/J term 
represents the energy necessary to maintain steady flow. If a pound of 
fluid having a volume v is made to flow through a pipe of cross-sectional 
area A by a pressure p, the energy required Avill be the product of the 
acting force F times the distance through which it acts I, or FI. But, 
since F = pA and v ~ Aly FI = pAl ~ pv. Expressed in Btu per 
pound of substance, this energy, sometimes termed flow work, is therefore 
pv/J, the same expression as the term in enthalpy. As energy it exists 
only during flow. Properties of a substance, like enthalpy, are always 
present under either flow or static conditions. 

Because refrigerant gases are usually in the vapor region, and there- 
fore the perfect gas laws do not apply, the concept of enthalpy, is vndely 
used in refrigeration engineering to indicate energy exchanges. The 
change in enthalpy is a measure of heat transferred in a constant-pressure 
process. This is a common process in refrigeration, and refrigeration 
cycles are usually plotted on pressure-enthalpy or Mollier coordinates. 
Enthalpy values are included in all tables of refrigerant properties. The 
datum of zero enthalpy for refrigerants is usually chosen as —40 F, both 
because of the convenient size of the resulting numerical values and also 
because, until recent years, refrigeration below —40 F was comparatively 

rare. Low-temperature refrigeration applications necessitate the intro- 
duction of negative enthalpy values. 

3.7. Entropy. Entropy, like enthalpy, is a mathematical function of 
the observable properties of a substance, and therefore changes in entropy 
are not evident to the human senses. An increase in entropy indicates 
an increase in the degradation of energy or a decrease in the availability 

of energy. Mathematically, entropy changes between two states, 1 and 
2, are defined as 



where Q denotes quantity of heat, T absolute temperature, and s entropy. 

This expression occurs repeatedly in thermodynamic analyses, and 

entropy is a useful coordinate in plotting processes and making charts. 

Differences in entropy and not absolute values are used; and in the case 

of refrigerants, as with enthalpy, the zero datum is usually chosen as 
— 40 F. 

A common hydraulic analogy to entropy is found in the potential 
energy of position available at the top of a waterfall and the unharnessed 
dissipation of that energy in its drop to the foot of the falls. The poten- 
tial energy of the water is first converted into kinetic energy during free 
fall and is then dissipated as heat upon impact. The amount of energy 
remains unchanged, but it has suffered a degradation and is no longer 
easily converted into useful work as it might have been had a water 
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wheel or turbine been interposed in the path of its fall. This degradation 
is loosely eciuivalent to the throttling of a gas from a high pressure to a 
low pressure through an orifice in that again there is a decrease in the 
avaUability of the energy although the energy content itself remams the 
same. In this case the energy degradation is measurable as an increase 
in entropy and has not been accompanied by the accomplishment of 
useful work. The interposing of an expansion engine in lieu of the 
orifice ivould have accomplished conversion of part of the energy to 

useful work. • i i 

3.8. Reversibility. A reifcrsihle process is one that is completely 

controlled and thus yields a maximum amount of useful work. It can 
be made to traverse in tlie reverse ortler all the stages through which it 
has progressed. Such a proce.ss is characterized by a continuous senes 
of eciuilibrium states eaeli of which can be defined numerically and thus 
plotted graphically. Xo actual process is completely reveisible, but 
many engineering processes approach reversibility and eciuilibrium to an 
extent sufficient to warrant their analysis as completely reversible. 

In refrigeration systems the processes of compression, condensation, 
and evaporation all approach reversibility, and eacli stage of these proc- 
esses may be represented graphically with reasonable accuracy. The 
process of throttling the refrigerant through an expansion valve, how- 
ever, is completely irreversible and is characterized as entirely turbulent 
and incapable of proceeding in the reverse order. Here only the initial 
and final states may be represented tndy by graphical means. Simi- 
larly the transfer of heat from tlie condenser, from the compressor, and 
to the evaporator to or from their surrounding media are all irreversible 
processes. Thus with a refrigerating system, as with all other actual 
systems, specific; portions of the entire process approach reversibility, 
whereas others arc irreversible. Obviously, if any portion of the process 
as a whole is irreversible, the refrigeration process itself nuist also be 
irreversible. 

3.9. Graphical Representation. Any thermodynamic cycle consist- 
ing of a series of processes such as the vapor-compression refrigeration 
cycle may be repiesi'iited graphically by plotting the processes on coor- 
dinates that r('pr('S(‘nt properties of the working substance. Of the 
scv(;n properties listial in §3.2, two may be eliminated from consideration 
as practical coordinates for refrigeration analyses. Internal energy 
docs not pnvsent as comph'te a meas\ire t>f energy conditions as does 
(‘nthalpy and is therefore a les.s desirable coordinate; kinetic energj^ is 
of minor considc'ration in most ri*frig('ration jiroeesses and therefore may 
also be discarded. With the live remaining properties there are 10 
possible coordinate coml)inations, and of these the p-a, T-s, and p-/i 
are most conimoidv us('d. 

Th(‘ p-u (liagratn is useful in analyzing compressor operation, since 
the area under a curve representing a reversible process on these coor- 
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dinates is equivalent to the work done on the gas. For a nonflow 
reversible process proceeding between two state points the work is 
Jp dv, but for a fluid compressed under flow conditions the initial and 
final flow energy must also be considered, and the resulting work is 
equivalent to /y dp. 

The T-s diagram is useful under representation of the entire refriger- 
ation process because the area under a reversible-process curve on these 
coordinates is equivalent to the heat gained or lost, Q — jT ds. 

In refrigeration, as in many other engineering fields, the solution of 
practical problems is sometimes facilitated if coordinates are chosen 
which, instead of possessing areas having common physical significance, 
form a graphical substitute for tables of properties. The Mollier p-h 
chart is A\ddely used for this purpose in refrigeration and is acceptable 
whenever great precision is not necessary. From this chart the observ- 
able properties of pressure, volume, and temperature, and the functional 
properties of enthalpy and entropy may be obtained directly. The 
internal energy may be calculated from the relationship 

h = u (3.5) 

Mollier p-h charts for several of the common refrigerants are available 
in the envelope in the back of this book. 

3.10. Thermodynamic Laws. There are two major premises upon 
which the science of thermodynamics is based. Because no exceptions 
to these rules have ever been experienced, either accidentally or through 
controlled experiments, and because all attempts to disprove them have 
failed, they are termed thermodynamic laws and have been used as a 
foundation for further developments. 

The first law of thermodynamics states that heat and mechanical 
energy are interconvertible and neither can be created nor destroyed. 
This is a limited form of the more general law of conservation of energy^ 
which states that all forms of energy are interconvertible and can neither 
be created nor destroyed. Although these statements are all-inclusive, 
no inference can be dra\vn that the conversion of one energy form to 
another is necessarily complete. Only a portion of a given definite 
amount of heat energy can be converted to mechanical or to electrical 
energy, whereas all energy forms can be converted completely into heat 
energy. This ability for complete conversion into heat accompanied by 
a general tendency for all energy to be dissipated eventually in this manner 
has led sometimes to the description of heat as a “low-grade energy.’^ 
For example, the power input to an electric motor operating a refrigera- 
tion compressor is all converted, eventually, into heat and is absorbed as 
heat through the condenser or lost to the surroundings by convection, 
conduction, and radiation. All electric-motor energy losses, such as 
resistance, mndage, hysteresis, and friction, are transformed into heat. 
All electric power converted into mechanical energy by the motor is 
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supplied to tlie compressor for compression of the refrigerant. This 
mechanical energy is eventually extracted at the condenser as heat, and 
all frictional losses are dissipated as heat. Even the energy transformed 
into sound in the operation of the plant is so dissipated. 

The second law of thermodynamics, according to Clausius, states that 
it is impossible for a self-acting machine unaided by any external agency 
to convert heat from one body to another at higher temperature. Other 
statements of this same premise are that heat will not of itself flow from 
one body to another body maintained at a higher temperature, and that 
no machine, actual or ideal, can both completely and continuously 
transform heat into mechanical energy. All these statements imply the 
same principle, but C’lausius’ is probably the most closely allied to 
refi’igeration. The second law enables direct limitations to be placed 
upon the theoretical maximum operating efflciency that can be attained 
by either a compre.ssion or an absorption refrigerating machine operating 

under any specified set of conditions. 

The Nernst heat theorem, fretiuently referred to as the third law of 
thermodynamics, states that it is impossible by any procedure, no matter 


how idealized, to reduce any system to absolute zero of temperature in a 
finite number of operations. Its engineering applications are few, and 
its discussion is beyond the scope of this text. Some of its corollaries, 
however, indicate interesting phenomena at extremely low temperatures. 
The Nernst heat theorem may be interpreted to indicate that the coeffi- 
cient of volume expansion and the specific heat of a fluid approach zero 
as the temperature approaches zero. Such conclusions are in accordance 
with Griineisen’s^ investigations, which indicate an increase in the 
thermal coefficient of expansion for most pure metals as the temperature 
increases. In addition, his experiments show that the ratio of the coeffi- 
cient of linear expansion of a substance to its specific heat at constant 
pressure approaches a constant at temperatures down to at least — 170 C. 

3.11. Energy Equations. It is frecpiently necessary to evaluate the 
energy interchanges occurring to or from a working medium during a 
process. The development of the (luantitative relationships necessary 
to accomplish such an evaluation is based upon five basic equations, 
known as the specific heat ecpiation, the nonflow and the steady-flow work 
equations for an expanding substance, the nonflow or simple energy 
equation, and the steady-flow or general energy equation. 

The specific heat ecpiation, ba.sed upon the definition of the specific 
heat of a substance for a given jiroct'ss, enables determination of the 
heat-energy interchange* ovei- a known temperature change. The general 
expre.ssion for this energy le'lat ion.shiji is 



(3.7) 


»Oruneiseii, Phfiaik, WA 2r> (l‘)0S). p. 211. 
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where c is the specific heat and t the temperature. This reduces to 

1 Q 2 = Wc{t 2 - ( 1 ) (3.8) 

if the temperature range is sufficiently small to allow the specific heat to 
be considered as a constant. Care should be taken that these equations 
are not employed over a discontinuity of the specific heat such as occurs 
in refrigeration systems during a change of state of the refrigerant. 

When there is no transfer of the working substance during a process, 
it is termed nonflow; when there is a continuous and steady flow of the 
working medium, it is termed steady flow. Processes involving inter- 



VOLUME 

Fig. 3.2. Compression process. 

mittent flow with rapid cycling, such as the compression of a refrigerant, 
are usually treated as steady flow, although, if desired, the individual 
parts of the cycle may be treated as nonflow. The nonflow work equa- 
tion for an expanding substance may be derived from the energy required 
to move a piston of known area through a kno\vn distance against a 
known force and is equal to 

iWk, = Sp dv (3.9) 

In the compression process represented in Fig. 3.2 this is equivalent to 
the area under curve 1-2 (area 01230). If during compression, however, 
steady-flow conditions exist, this area represents only a portion of the 
work required for compression. The working medium enters the com- 
pression process possessing flow energy piOi (area 01560) and is discharged 
with flow energy P 2 V 2 (area 24632). The difference in these flow energies 

added to the expression of equation 3.9 results in the steady-flow work 

equation equivalent to the process 

iTFjfc. = Jv dp (3.10) 

The steady-jlow or general energy equation is a mathematical statement 
of the energy conservation law including all flow process terms normally 
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eoroimtored in heat engineering. It is merely an energy balance equating 
all energy entering a closed system to that leaving the system. The 
only restrictions on its application are that there must be continuous, 
constant How of the working medium with no reservoirs capable of energy 
storage or rejection. The expression for the steady flow energy equa- 
tion is 


Vi^ 


F-2 


23./ + "1 + + <3 - 2^7 + + y 


P2V2 , m 


-j- Ep. "b 


J 


(3.11) 


where 1 / is the internal energy per unit weight and Ep the potential 
energy. All enei gy terms in the ecpiation are associated with the working 
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Fig. 3.3. Vapor-cotnpression refrigeration system. 

medium, with the exception of work and heat, wliich are added or sub- 
tracted from the system independently. 

The nonjlow or simple energy equation is a simplified mathematical 
statement of the general energy etpiation eliminating all terms not 
involv(‘d in a nonflow process as well as those wliich are usually negligible. 
Its expression is 


dQ dU -\- 


dW^ 

J 


(3.12) 


where U is the total internal energy. 

For some processes the equal ion is even further simplified by the elimina- 
tion of an additional term. Thus during a constant volume process the 
tei m f/ll fc /,/ is z(‘ro, during an isotluM inal process the term dU is zero, 
aiul during an isentropic proce.ss llu' term dQ is zero. 

I he vapor-compi‘(‘ssion retrigeration system shown in Fig. 3.3 may 
be sul>j('cted to analysis by the gcuKual energy equation, with each unit 
of the system considered .separattdy or the entire system considered as a 
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whole. If all unnecessary terms are eliminated and radiation and piping 
losses are disregarded, the following values are obtained: 


For the compressor: 

For the condenser: 

For the evaporator: 

For the complete system (adding component 
equations algebraically) 


Wk^ + 


iW,, 

J 


Wh2 

Tf /ig + gQl 


Qi ~\~ 


iHV 

J 


Whz + 1Q2 

TFAg 2Q3 

Wh, 

1Q2 + 2Q3 


Thus the heat absorbed through the evaporator plus the Avork of compres- 
sion is equal to the heat rejected in cooling the compressor and condenser. 
In this example the expansion valve has been considered a part of the 
evaporator, since an energy balance across this valve, assuming the 
entering and leaving velocities to be equal, would reduce to hi = h 2 . 



3.12, Joule’s Experiment and the Joule-Thomson Effect. In 1850 
J. P, Joule performed his classical experiment on gases expanding with 
zero work and without gain or loss of heat. His apparatus, shown dia- 
grammatically in Fig. 3.4, consisted of two chambers A and B connected 
by a tube and stopcock, all immersed in a Avater bath. One chamber 
was evacuated and the other filled with a gas compressed to approximately 
22 atmospheres. After sufficient time had been alloAved to attain 
temperature equilibrium, the interconnecting stopcock was opened. 
Although the gas was allowed to expand to approximately twice its initial 
volume, the volume of the flask system remained unchanged and hence 
no external work was done. Observations of the temperature of the 
surrounding water bath indicated no change after expansion, and there- 
fore there could have been no transfer of heat from the gas to the water. 
There could also have been no change of internal energy, since, from the 
energy equation, 

dU = dQ - = 0 
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The sienifieant fact of this experiment was that both the internal enerp 
and the temperature of tlie gas remained constant regardless of the 
changes brought about in the system. It was eoneluded that the internal 

energy of a gas is a function of its tempcraUire alone. 

Although Joule’s earlv experiments indicated the internal energy of 
a gas to be a function of temperature alone, his later experiments in 1852 
in c.llaboration with Sir William Thomson (later Lord Kelvin) proved 
.loule’s original apparatus to have been of insufficient sensitivity and his 
conclusions true only for an ideal gas. In the Joule-Thomson apparatus, 

shown diagrammatically in Fig. 3.5, gases 
were allowed to expand adiabatically 
under steady-flow conditions through a 
thermally insulated porous plug of cotton 
wool. A constant pressure differential 
was maintained across the plug during 
flow of the gas, and the entering and leav- 
ing temiH'rat ures were determined. These 
and more recent experiments have sho\\Ti 
that during adiabatic throttling of a real 
gas there is a change in temperature with 
drop in j)ressure termed the Joi(le-Thomso7i 
covffu'icul. 


TTT^TTTTTTTT 




ju (3.13) 

This ratio is not a constant but varies with 

tig.J.r). Joule- 1 lioinstin porous- i„,Di temperature and pressure, and for 
pluK rxpenineiit. , . . . . 

each gas there is an iarc?\<rmn point (which 

varies somewhat with pressure) at which the coefficient is zero and the 
temperature remains constant. Below this inversion point the tempera- 
ture drops upon throttling and above it the temperature rises. With the 
exception of hydrogen, which has an inversion temperature of approxi- 
mately — l()8F, jiractically all common gases will produce cooling upon 
expansion in the pressure ranges usually encountered. 

The Joule-'l'liomson ('ITect has several practical applications in the 
field of refrigeration. It has Ix'en widely used in the study of the proper- 
ti(‘s of vapors and gas(‘s Ix'cause it is a measure of the departure of an 
actual gas from the ideal gas. It has also been used as a means of 
refrigeiation to attain low (emperaturt's, ft)r example in the Linde or 
llarnpson systcuns for lifUU'faet ion of gases. 

3.13. Thermodynamic Relationships for Gases. By far the majority 

of all ret rigeral ion j>roeesses involve wtaking media that alternate 
bet w(‘en the vapor and (he lifpiid phast's and therefore cannot be treated 
thermodynamically as ga.ses (§3.1 1). Since there are some exceptions, 


§3.14] 


REVIEW OF THERMODYNAMICS 


43 


however, such as the air-refrigerating machine, the thermodynamic 
relationships commonly requii’ed for gases® are summarized for reference 


in Table 3.1. These relationships may all be derived from Charles' law. 

Fi T^ 

Boyle's law. 

(3.14) 

PiFi = P 2 F 2 

the characteristic equation of gases, 

(3.15) 

pv = RT 

the polytropic pressure-volume equation, 

(3.1) 

pF" = C 

(3.16) 


the energy equations (§3.10), and the definitions of specific heat^ entropy ^ 
and enthalpy. 

The paths by which thermodynamic changes occur may be studied 
best by maintaining one of the properties of the working substance 
constant. In the isoharic process (n == 0) the pressure is kept constant, 
and, therefore, the work involved during steady flow is zero. In the 
isometric process (n = oo) the volume is constant, and the work during a 
nonflow process is zero. In an isothermal process (n = 1) the tempera- 
ture is constant, and there is no change in the internal energy. In the 
isentropic or reversible adiabatic process {n = y — Cp/ci) there is, by 
definition, no rejection or addition of heat, and consequently there is also 
no change in entropy. 

In portions of many practical cycles, however, it is impossible to 
reproduce these theoretical processes, and the actual thermodynamic 
path between state points can then be defined only by the polytropic 
process in which n may assume any value. In addition a working 
medium may expand by uncontrolled or free expansion (irreversible 
adiabatic process). During such a process no work is accomplished, no 
heat is added to or rejected from the working medium, and there is no 
change in internal energy or enthalpy (assuming the initial and final 
velocities of the expanding substance are constant). There is, however, 
an increase in entropy, indicating a decrease in availability of energy. 
In the vapor refrigeration cycle, throttling of the refrigerant through the 
expansion valve is an irreversible adiabatic process. 

3.14. Thermod 3 aiamic Relationships for Vapors. Most refrigerants 
when operating in the gaseous phase are sufficiently close to the saturation 
curve to be classed as vapors, and therefore the gas laws no longer apply. 

* For a complete discussion and the derivation of these relationships, reference 
should be made to any standard thermodynamics text. 


TABLE 3.1 

Thermodynamic Relationships for Gases 

{Constant specific heat) 
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S>Tnbol3 are defined in Appendix Table A.l. 
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Most refrigerants also operate in the liquid phase, infrequently even in 
the solid phase, and may coexist in varying proportions in two phases at 
the same time. Although this greatly complicates the thermodynamic 
relationships, the actual solution of refrigeration problems is simplified 
since process equations are not feasible, and the use of graphical or tabular 
presentations of the thermod^mamic properties is necessary. 


The states in which a refrigerant 
or similar substance may exist and the 
conditions under which transition be- 
tween states may occur is best studied 
by reference to diagrams. Figure 
3.6(a) is a pressure-volume diagram, 
3.6(6) a temperature-entropy diagram, 
and o^pressure-enihalpy diagram, 
all for a typical refrigerant that con- 
tracts upon freezing. On all these dia- 
grams the boundary curves separating 
the phase areas are indicated by iden- 
tical numbering. The saturated -liquid 
line 3-4 and the saturated-vapor line 
4-6 (commonly referred to as the 
saturation line)j together with the 
triple-point line 2-3-5, bound the area 
in which the liquid and vapor phases 
coexist in varying proportions. In 
this area the weight proportionality of 
the nonhomogeneous mixture of the 
two phases is termed quality; a quality 
of 0.90 would indicate a mixture of 10 
per cent saturated liquid and 90 per 
cent saturated vapor. 

In the area to the left of the 
saturated-liquid line and above the 
triple-point temperature the sub- 
stance is a subcooled liquid. In the 
area to the right of the saturated- 





Fig. 3.6. Typical refrigerant diagrams. 


vapor line, both above and below the triple-point temperature, the sub- 
stance is a superheated vapor or gas. 

The critical point 4, at the junction of the saturated-liquid and sat- 
urated-vapor lines, defines the critical temperature above which liquefac- 
tion of the substance cannot occur."* Above the critical pressure the 

W. Bridgman and Gustav Tammann ha^^e shown that under extremely high 
pressures, in the order of a half million pounds per square inch, liquefaction can still 
occur above the critical temperature. 
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latent heat of vaporization becomes zero, the defining boundary line 
between the liquid and gaseous phases disappears, and there are no 
phenomena such as condensation and vaporization. There is no con- 
clusive evidence of any change whatsoever when the refrigerant pas^s 
from the liquid to the vapor state, and hence above the critical point 

these regions merge. 

The saturated-solid line 1-2, the lower portion of the saturated-vapor 
line 5-6, and the triple-point isotherm 2-3-5 bound the area in which 
the solid and vapor phases coexist in varying proportions. In the area 
to the left of the saturated-solid line and below the triple-point tempera- 
ture the substance is a subcooled solid. The triple point 2-3 (at triple- 
point temperature, /() is a unique series of state points at "which the sub- 
stance may exist in all phases — solid, litpiid and gas in equilibrium. 
Below the triple-point temperature the heat required to change the 
substance from a solid directly to a gas is termed latent heat of snbliynation. 
At the triple-point temperature the heat required to change from a solid 
to a liquid (along 2-3) is termed latent heat of fusion. Above this tem- 
perature the heat reciuired to change from a liquid to a vapor is termed 
latent heat of vaporization. 

3.16. Properties of Vapors. Tables of the properties of various 
refrigerants are presented in the Appendix and ai'c similar in both form 
and application to standard steam tables. The saturated-refrigerant 
values are tabulated for temperature, pressure, specific volume, enthalpy, 
and entropy for both the saturated-litpiid and saturated-vapor states. 
In the superheated-refrigerant tables the vahies of temperature, pressure, 
specific volume, enthalpy, and entropy are included. Except where 
noted otherwise, the enthalpy and entropy values have been computed 
from a — 40 F base instead of the 32 F base used for ■water vapor or steam. 

As in the case of similar working mediums capable of existing in 

vapor and licpiid phases, the properties of a refrigerant state point 

located between the saturatitm curves mav be calculated from the tabu- 

% 

lated values if the (luality is known. The enthalpy of such a state 
point repn'senting two coexistent phases would be the enthalpy of the 
litluid plus the product of the ipudity and the latent heat of vaporization. 
Thus 


Ax = hf + ,rA/y 

(3.17) 

Similarly, the entropy would b(‘ 


.S’ X Xy -|- .1 Xy-j, 

(3.18) 

and the sjiecific volume 


Cx = Vf 4- XV 

(3.19) 


Internal energy values are not iisuall\' tabulated but may be calculated 
from equation 3.5. 
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3.16. Processes. In the vapor-compression refrigeration cycle both 
condensation and evaporation take place at constant pressure. By 
differentiating the defining equation for enthalpy 


it is found that 


dh = du + T^ + '^ 
dh ~ dQ 


as the term vdp/J drops out for constant pressure, and dQ — du -\- 
p dv/J is the simple energy equation 3.11 for a nonflow process. 



VOLUME 


Fig. 3.7. Isothermal vs. isentropic compression. 


For a throttling process such as occurs through an expansion valve, 
the terms involved in the general energy equation 3.12 may be written 
between the initial and final states, as follows: 


2gJ 


4 “ + 



U2 -\- 


P2V2 

J 


By definition, h = u pv/J, and if the velocities of flow are assumed to 
be equal, then 

hi — ^2 


If the throttling terminates between the saturation curves, 


hi = hf^ + X2hfg^ 


and the quality at the end of expansion is 



(3.20) 

(3.21) 


Since the area on the diagram under an isothermal compression curve 
is greater than that under an isentropic compression curve as shown in 
Fig. 3.7, it would at first appear that the isentropic process would be 
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desirable from the standpoint of reduced work of compression. However, 
this is true only for a nonflow process; for a steady-flow process the 
reverse is true (assuming equal velocities and hence equal kinetic energy 
terms), since the flow work imparted at discharge from an isothermal 
compression is much less than tlmt for isentropic compression. The 
work required during compression for a steadj'-flow process is equivalent 
to the area between the curve and the pressure axis. Actually, isothermal 
compression is difficult if not impossible to approach in practice, because 
the refrigerant gas enters the compressor at a much lower temperature 
than the cylinder walls. This temperature difTerence, together with an 
internal energy increase resulting from compression, tends to prevent an 
approach to the isothermal. 

The compression process of the vapor refrigeration cycle approaches 
the isentropic more closely than any other. Principally because of 
throttling through the compressor valves and because of absorption and 
rejection of heat by the cylinder walls, there are some deviations that 
depend upon the compressor design and the refrigerant. The theoretical 
vapor-compression refrigeration cycle, however, is assumed to include 
isentropic compression. 
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PUOHLKMS 

3.1. A refrigerant is compressed from 30 to ISO psia, and the specific vol- 
ume decreases from 9 to 2 cu ft per pound. Determine the |)olytropic e.xponent 
of compression. 

3.2. A refrigerant gas with 10 cu ft per pound specific volume is compres.sed 
polytropically from 10 psia to (>0 psia. If n = 1.25, determine the specific 
volume at tlie eml of <*oniprcssion. 

3.3. One poumi of saturated licpiid ammonia is expanded through a throt- 
tling valve from a condens('i' pressure of 1S0.(> psia to an evaporator pressxire of 
3S.5I psia. Determine (a) the r<-frigerant quality at discharge, (h) the change in 

specific v'olume. and (c) the final (piality if the refrigerant is subcooled 10 F 
before expansion. 

3.4. .\ refiigerating systmu develops S tons while <lrawing 0 kw electrical 
energy. If SO pt'r cent ot this (mergy appears as an increase in refrigemnt 
enthalpy, determine tlie Htu per minute rejected to the condenser cooling water. 

3.6. Lupiid refrigerant, in flowing from a receiver to an expansion valve, 
gams 1.) It in elevation and 3 Htu \)vr poumi all from external sources of heat. If 
the v'olocity remains essentially constant, determine the change in enthalpy. 
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3.6. Establish in general terms an energy balance between liquid refrigerant 
at comparative rest m a receiver and the refrigerant entering the expansion valve 
Assume frictionless tubing. 


3.7. Refrigerant vapor is compressed at a rate of 3 pound per minute with an 
increase in enthalpy of 3.5 Btu per pound. If 0.6 hp is required for compression, 
determine the Btu per hour rejected to the cylinder cooling water. 


iQA methyl chloride vapor is compressed from 20 to 100 psia and 

^ j work of compression in Btu per pound for the process 

and (b) the work of compression for the steady-flow cycle. See Appendix Table 
A.4 for properties of methyl chloiide. 


3.9. From the general energy equation, determine the Btu per pound rejected 
to the compressor cooling water in Problem 3.8(b). 

3.10. If it IS assumed that a linear relationship exists between temperature 
and entropy during compression, determine for Problem 3.8(b) the approximate 
amount of heat rejected to the cooling water from the area under the compression 
curve. What is the percentage of error for this approximation? 
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CHAPTER 4 


Thermodynamics of Vapor Refrigeration 

4.1. Introduction. iVIost practical forms of refrigeration that utilize 

equipment for the recovery of the refrigerant may be classed broadly as 

compression systems. Whether this compression is accomplished by 

reciprocating, rotary, or centrifugal devices, by high-pressure steam 

ejectors (steam-jet system), or by evaporation from a secondary fluid 

(absorption system) makes no fundamental difference; all are compression 
systems basically. 

By far the most important systems commercially are those which use 
a refrigerant alternating between the vapor and the liquid phases. This 
class* also contains the reciprocating, rotary, centrifugal, steam-jet, and 
absorption systems. These systems, operating cyclically between two 
pressures and using a two-phase working medium, may, in the broadest 
terminology, be classed as vapor-compression systems. From a practical 
standpoint, however, such an all-inclusive classification is undesirable. 
Therefore the absorption and steam-jet systems are, for clarity, almost 
always so designated, and the term “vapor-compression system” is 
reserved for reciprocating and rotary systems using a two-phase refriger- 
ant. The centrifugal system, though differing from the reciprocating and 
rotary units only in that it is not positive in displacement, is usually 
classed separately for convenience. These clear and commonly used 
designations will be adhered to throughout this text. 

4.2. The Carnot Cycle. The Carnot cycle is an ideal, thermodynami- 
cally reversible cycle, first investigated by Sadi Carnot in 1824 as a 
measure of the maximum possible conversion of heat energy into mechani- 
cal energy. In its reversed form it is used as a measure of the maximum 
performance of refrigeration equipment. Although it cannot be applied 
in an actual machine because of the impossibility of obtaining a com- 
pletely reversible engine, it is nevertheless extremely valuable as a 
criterion of inherent limitations. 

The Carnot cycle, shown graphically in Fig. 4.1 on p-V and T-s 
coordinates, consists of an adiabatic expansion and an isothermal expan- 
sion followed by an adiabatic compression and an isothermal compression 
to form a closed cycle. Since the areas on the T-s diagram represent 

exception not in this group is the air-compression refrigeration cycle once 

wmeiy used in marine and naval refrigeration and now reappearing in some aviation 
applications (see §6.2). 
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actual heat quantities supplied or rejected, and since all paths are here 
parallel to the coordinate lines, it is simplest to analyze the cycle on these 
coordinates. The Carnot cycle when operating as a heat engine will have 

the efficiency 

net work _ heat supplied — heat rejected 
^ heat supplied heat supplied 

_ (Ti - T,){S, - Sa) ^ '1\ - T. (4 

TiCsb - sj 


where T denotes absolute temperature and s entropy. 



Fig. 4.1. Carnot cycle. 




Fig. 4.2. T\vo-pl»ase Carnot cycle. 


Proof that this expression represents the maximum efficiency that can 
he oht aiiu'd by any heat engine operating between two temperature levels 
may be found in any standard text on thermodynamics. . 

The Carnot cycle shown in Fig. 4.1 is for a w'orking medium operating 
within the ga.seous ])hase only. It is possible, how’ever, to devise a 
Carnot cycle operating between the liquid and vapor phases within the 
saturated region. Such a cycle is shown in Fig. 4.2 on both p-V and 
'f-s coordinates and resembles the Carnot cycle for gases on the 3’-s 
diagram. Within the saturated region, however, the isothermal lines 
are also constant-pressure lines, so that on the p~V diagram these proc- 


§4.3] 


THERMODYNAMICS OF VAPOR REFRIGERATION 


55 


esses appear accordingly. Such a two-phase Carnot cycle may be 
approached more closely in practice than a single-phase Carnot cycle 
because the isothermal processes are closely followed in the saturated 
region during change of phase. 

4.3. Reversed Carnot Cycle and Coefficient of Performance. Since 
the Carnot cycle is, by hypothesis, a reversible cycle, it is possible to 
use the reversed Carnot cycle as a measure of the maximum performance 
to be obtained from a refrigerating machine. In this case shaft work 
must be applied to the cycle, the working medium is expanded adiabati- 
cally from Ti to Ts, it absorbs heat isothermally at with an entropy 
increase from Sa to it is compressed adiabatically from Tz to Ti, and 
it discharges heat isothermally at Tj with an entropy decrease from Sb 
to Sa (see Fig. 4.1). Thus the Carnot cycle, when operating in one direc- 
tion or the other, may be used for three purposes: first, for converting 
heat energy into mechanical energy (when used as a heat engine); second, 
for using mechanical energy to absorb heat at some undesirable location 
and to reject it at some unobjectionable one (when used as a refrigerating 
machine); and third, for using mechanical energy to absorb heat at some 
ineffective location and to discharge it at a desirable one (when used as 
a heat pump). The second and third applications are based upon the 
reversed Carnot cycle and differ only in the result desired. 

The term “coefficient of peiformance” (c.p.) has been devised to 
measure the effectiveness of refrigerating machines and is usually defined 
as the ratio of the refrigeration produced in Btu to the net work supplied 
in Btu, The term can be applied to an actual refrigeration machine or 
to a theoretical cycle such as the reversed Carnot cycle. Reference to 
Fig. 4.1 shows that the refrigeration produced in the reversed Carnot 
cycle is ^ 2(56 — Sa) Btu per pound, and the net work supplied is {Tx — T^) 
(Sb — So) Btu per pound. Thus the coefficient of performance is 


heat absorbed 

heat equivalent of net work supplied 

T^jSb — Sg) 

{Tx — 2^2) (Sft — So) 

T 

T. — T. ( 4 - 2 ) 


Since the term “coefficient of performance” is analagous to the term 
‘efficiency” applied to heat engines, a broader concept of c.p. is some- 
times used in defining it as the ratio of the “desired effect” in Btu per 
pound to the net energy supplied in Btu per pound. For a Carnot-cycle 
refrigeration machine this is still 



(4.2) 
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For a ('arnot-oycle hviit pump in which tho flosircd effect is the heat 
rejected, 

_ heat reject ed 
net work supplied 

_ Tij fih — Sg) 

~ {fl - - Sa) 

r,_ 

Tx - i\ 

and for a (’arnot-cyc'le heat engine, 

net work real ized 
heat supplied 

{T, - 7*2) (s, - sj 


(4.3) 


C.J). = 


7\ - T 
1\ 


7W _ . ^ 7- 

1 l(S6 Sq) i 1 

The (arnot-cycle coefficient of performance for both a refrigerating 
machine and a heat pump increases as tlie spread between source tem- 
perature and sink temperature decreases, whereas the reverse is true for 
the c.p. or efficiency of a heat engine. If the cycle condition under w'hich 
'I\ is ecpial to absolute zero is excluded, the c.p. for either a heat pump or 
a refrigerating machine is always greater than 1.0, and that for a heat 
engine is always less than 1.0. 

Exami’lk 4.1. A ('arnot-cycle niacliine oj)oratcs between the temperature 
limits of t\ — H(i F and t-i = .3 F. Determine the c.p. when it is operated as (a) 
a refrigerating machine, (1)) a heat pump, and (c) a lieat engine. 

Solution: 

(a) refrigerating machine 


()>) h(*at pump 


(c) licat cngiiK 


r. 

V’-. 

= so + 400 = 
= 5 -f- 4(>0 = 

: 540 

405 

<*.p. 

T.. 


405 

~ 7’i - 

rl 

540 - 4(>5 

c.p. 

7’. 


540 

7’, - 

Ti ^ 

540 - 4I>5 

c.p. 

7’. - 

7’.> _ 

54(> — 405 

7’, 


54(r“ 


. = 5.74 


= 0.74 


- = 0.15 


In this probl(‘m tli<‘ c.p. for liu* refrigtMal ing machine is 38.3 times 
greater than that for the lu'at engine, whereas that for the heat pump is 
1.18 tiuK's that Ittr tlu* refrigerating machine. This result is to be 
expected because* the heat t'ngine is converting heat energy' into mechani- 
cal energy, whereas both the refrigerating machine and the heat pump are 
meri'ly increasing tlu* eiu'igy level of heat absorbed from a low' tempera- 
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ture source. The c.p. for the heat pump is greater than that for the 
refrigerating machine because all mechanical shaft work required to 
operate the pump is dissipated as heat and added to the ‘‘desired effect,” 
or heat discarded at the high temperature. 

4.4. Maximum CoefiSlcient of Performance. That the coefficient of 
performance for a reversed Carnot cycle (or any other reversible refrigera- 
tion cycle) is the maximum possible for a refrigeration machine operating 
between the same temperature levels may be proved in a manner similar 
to that used to prove that the efficiency of a Carnot-cycle heat engine is 
a maximum. In Fig. 4.3(o), H is a machine with a c.p. assumed to be 



(a) (6) 

Fig. 4.3. 


higher than that for the reversible machine R, Both machines operate 
as refrigerators between the temperature levels Ty and and both 
absorb the same amount of heat, Q, at the temperature source T^. The 
shaft energy required by refrigerator H is Wh and by refrigerator R is 
Wr, The c.p. for refrigerating machine H is Q/Wa, and for machine 
R is Q/Wr. However, by hypothesis, 

Wh Wr 

and therefore Wr > W a 

In Fig. 4.3(6) the reversible machine R has been reversed to operate 
as a heat engine, and the low-temperature source at T 2 has been replaced 
by a heat conductor. This procedure is permissible because, again by 
hypothesis, the amounts of heat flowing between the low-temperature 
source and either machine are identical. Thus, the system now con- 
stitutes a machine which operates from a single source of heat at any 
temperature above absolute zero. The engine portion of the machine 
develops sufficient work, Wh^ to operate the refrigerator portion plus a 
surplus of mechanical energy, Wr — Wh- If such a machine were possi- 
ble, work could be produced continuously by any source of heat whatso- 
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ever, such as the atmosphere, the ocean, or the earth itself. Such a 
hypothetical machine, known as a pcrpvttiol-moiion machine of the second 
kind, is impossil>le to realize because it violates the second law of thermo- 
dynamics by continuously and completely transforming heat energy into 
mechanical energy. 

4.6. Theoretical Vapor Compression Cycle. The theoretical vapor- 
compression refrigeration cycle as actually applied and approached in 
practice (Rankine form of cycle) is shown in Fig. 4.4(a), (6), and (c) 
on p-V, T-s, and p-h coordinates. Here 1-2 is the throttling or expansion 
process, 2-3 is evaporation, 3-4 is compression, and 4'-l is condensation. 
Two alternate compression paths, 3-4 anti 3'-4' art* shown, the former 



Fig. 4.4. Vapor-coinprossion n’frigoration cycle. 


termed “dry compression” with the charge entering the compressor 
initially dry and saturated, and the latter “wet compression” with the 
charge dry and saturated (theoretically) at the end of compression. 
Despite the theoretically slightly lower c.p. of dry compression, it is 
generally utilized in the United States because, among other reasons, 
there is less danger of damage to the compresst)r through the entrance of 
.slugs of liquid refrigerant that are not completely vaporized during 
compression. 

No attempt is made to recover the work of expansion in process 1-2, 
since this positive Avork — represented in Fig. 4.4(a) by the area between 
process 1-2 and the pressure-coordinate axis is generally small, and the 
equipment necessary for its recovery is not economically justifiable. 
Whereas heat engines are usually large devices centrally located for the 
pioduction of power in manufacturing plants or central stations, refrigera- 
tion machinery is usually limited in application and therefore compara- 
tively low in power input. The recovery of any small amounts of 
positive A\ ork by means t>f an expansion <levice or engine is therefore not 
atteinpte{l, and expansion occurs us an irreversible adiabatic process. 

^ Both evaijoration (process 2-3' or 2-3) and condensation (process 
4-1) tak<‘ place within the saturati'd-vapor region and therefore occur 
undei (onstant pressuif* aiul constant t('m]H'ralure ctinditions. In the 
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case of dry compression, however, the gas leaving the compressor is super- 
heated, and the heat of superheat must be removed in the condenser before 
condensation of the refrigerant can occur. This process 4-4' is one of 
constant pressure (at condenser pressure) but not of constant temperature. 

The compression process (3-4 or 3'-4') in the theoretical cycle is 
assumed to be isentropic, because this process is more nearly approached 
in practice. Since the charge entering a refrigerating compressor has 
been cooled to a temperature greatly below that of the cylinder walls and 
ports, it is virtually impossible to approach isothermal compression 
practically. Theoretically it would 
be desirable if isothermal compres- 
sion could be assumed, since the 
work for isentropic compression is 
greater than that for the isothermal 
(see Table 3.1). However, from a 
practical standpoint isothermal com- « 
pression would have no physical < 
meaning except under conditions of ^ 
extremely high suction superheat. S 
With normal superheat, isothermal 
compression would result in the dis- 
charge of subcooled liquid refrig- 
erant. This change of state would 
introduce a considerable reduction in Fig. 4.5. Comparison of reversed 
volume and therefore a compression theoretical vapor-compres- 

exponent, n, that is less than 1 . 

It is also evident that if a cooling medium were available that would 
allow discharge at the suction temperature, there would be no need for 
the compressor because the cooling medium could be used to replace the 
refrigerating system. 

A comparison of the theoretical vapor compression cycle with the 
reversed Carnot cycle is shown in Fig. 4.5 on T-s coordinates. This 
graph indicates the degree of deviation from the reversed Carnot cycle 
necessary for a theoretical cycle approachable in practice. In making 
such a comparison, T-s coordinates are of advantage, since the areas 
shown represent actual heat quantities. In this figure 1-2-3-4-1 repre- 
sents the Carnot cycle, and l-2'-3-4'-5-l represents the vapor compression 
cycle. The latter deviates from the Carnot cycle in that it includes the 
superheat ‘^horn'' 4-4'-5-4, and expansion follows the irreversible adia- 
batic 1-2' instead of the isentropic expansion 1-2. 

Since the area inside the closed cycle represents the net work added 
from an outside source, it is evident that the superheat horn increases this 
required work; irreversible expansion further increases this work by the 
area 2-Sa-Sb-2'-2. The heat absorbed through the evaporator is repre- 
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sonted bv the area 2-.s„-Sr-3-2 in the reversed Carnot cycle and by area 
2 '-.sv,-.sv- 3-2' in the vapor compression cycle. Although the superheat horn 
has no elTect upon tlie amount of heat absorbed, irreversible expansion 
reduces the refrigerating effect by the area 2 -Sb-S 6-2'-2. Thus the super- 
heat horn adds to the re<iuired work of the cycle and irreversible expan- 
sion both increases the recpiired work by failing to recover the expansion 
work and also reduces the refrigerating effect. 

4.6. Departure from Theoretical Vapor Compression Cycle. The 
vapor compression cycle as applied in practice differs in several ways 
from the theoretical cycle shown in Fig. 4.4. Frequently the liquid refrig- 
erant is subcooled before it is allowed to enter the expansion valve, and 
usually the gas leaving the evaporator is superheated a few degrees before 
it enters the compressor. This superheating may occur as a result of the 
type of expansion control used or through a pickup of heat in the suction 
line between the evaporator and compressor. Compression, although 
usually assumed to be isentropic, may actually prove to be neither isen- 
tropic nor polytropic. In addition, both the compressor suction and 
discharge valves are actuated by pressure difference, and this process 
recjuires the actual suction pressure inside the compressor to be slightly 
below that of the evaporator and the discharge pressure to be above that 
of the condenser. Although isentropic comj)ression assumes no transfer 
of heat between the refrigerant and the cylinder walls, actually the cyl- 
inder walls are hotter than the incoming gases from the evaporator and 
colder than the compressed gases discharged to t he condenser. There are 
numerous other deviations from the theoretical cycle, but most of these 
are small and consist primarily of heat exchanges, either positive or nega- 
tive, between parts of the system and the surrounding air. Two addi- 


tional deviations, not negligible, are the pressure drop in long suction- and 
liquid-line piping and any vertical tlilferences in head created by locating 
the evaporator and condenser at different elevations. These two factoi*s 
are discussed in C’hapter 12, Refrigeration Piping. 

Figure 4.(1 shows the practical vapor compression cycle on T-s coor- 
dinates with the sections of the diagram involving entrance of the gas into 
and discharge from the compressor magnified. In this diagram process 
10-11-1-2 represents passage of the refrigerant through the condenser 
with 10-11 indicating rtmioval of superheat, 11-1 the removal of latent 
heat, and 1-2 the removal of heat of li<iuid or subcooling. Process 3-4-5 
represents passage of the refrigerant through the evaporator, with 3-4 
indicating gain of lat(*nt. heat of va|)orization, aiul 4-5, the gain of super- 
h(‘at before entrance into the compressor. Hoth of these processes 

approach \'ery closely to the constant pressure conditions assumed in 
theory. 

Si/perheaftfig and Suhrooli ng. 4'he standard rating cycle used for 
comparison of refrigtu’ating machines aiul refrigerants untler standard 
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conditions assumes a condenser saturation temperature of 86 F and an 
evaporator saturation temperature of 5 F. In addition, 9 F liquid sub- 
cooling is assumed before the refrigerant enters the expansion valve and 
9 F superheating before it enters the compressor. A condensing temper- 
ature of 86 F was originally chosen because it corresponds exactly to 30 C, 
and 5 F was assumed for the evaporating temperature because it corre- 
sponds exactly to —15 C. These standards are frequently used in com- 



paring the ratings of refrigeration equipment. The superheating is 
advisable in practice because it assures complete vaporization of all the 
liquid refrigerant before it enters the compressor; moreover, in some 
instances, variations in superheat temperature serve as a means of mod- 
ulating the size of opening of the expansion valve (see Chapter 14, Refrig- 
eration Controls). One effect of superheat is to increase the specific 
volume of the suction vapor and thus also the required compressor dis- 
placement per ton of refrigeration developed. A second effect is to 
increase the enthalpy of the vapor and thus, provided this superheating 
represents useful refrigeration, also the refrigerating effect for each pound 
of refrigerant entering the compressor. These two effects tend to coun- 
teract each other, and with some refrigerants, such as ammonia, the net 
effect of superheating is, theoretically, to reduce the capacity of the sys- 
tem. With other refrigerants, such as Freon-12, superheating theoreti- 
cally increases the capacity of the system. 

Liquid subcooling is desirable because it increases the refrigerating 
effect as well as reduces the volume of gas flashed from the liquid refrig- 
erant in passage through the expansion valve. Any such increase in 
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rcfrigoTtiting oft'eot is o.t the expense only of utlditioniil cooling ^\u-te^, und 
the compressor power reciuircments remain unchanged. 

Throttling. Process 2-3 represents passage of the refrigerant through 
the expansion valve, both theoretically and practically an irreversible 
adiabatic path. The end-state points 2 and 3 are correct, but the locus 
of intermediate points would probaVdy approach path 2-2a-3 more 
closely. Here path 2-2ft is essentially one of constant entropy, and path 
2a-3 is the result of an irreversible decrease in velocity after passage 
through the valve. Path 2-3 more closely represents the passage of a 
refrigerant through a porous plug. Actually, no trvie path can be drawn, 
since the process is a turbulent one with nonviniform distribution from 
point to point of any of the properties of the expanding mass. 

Suction and Exhaust Pressures. Four constant-pressure lines are 
shown in Fig. 4.0, with pe representing evaporator pressure; pr, condenser 
pressure; p„ suction pressure inside the compressor cylinder after passage 
through the suction valves; and pa, discharge ju'essure inside the com- 
pressor before passage through the exluiust valves. Path 5-0-7-8-0-10 
represents the pa.ssage of the gas from the (‘utranco to discharge of the 
compr(*ssor. Path 5-0 represents the throttling action that occurs during 
passage through the suction valves, and path 0-10 represents the throt- 
tling during passage through the exhaust valves. Both of these actions 
are accompanied by an entropy increase and a slight drop in temperature. 

Compression. Isen tropic comj>ression, assumed theoretically, pre- 
supposes that there is no transfer of heat between the refrigerant and the 
cylinder walls during compression. Actually, the cylinder walls assume 
a temperature at some point between those of the cold suction gases and 
the hot exhaust gases, and there is a transfer of heat from the walls to the 
gases during the first j)art of compression and a reversal of heat flow 
during the last part of compression. Moreover, after the cold refrigerant 
gases pass through the suction valves, the gases undergo, prior to com- 
pression, a ri.se in tcunperature upon contact with the cylinder walls, and 
tliese same gases experience a similar temperature drop after compression 
and prior to exhaust. These last two heat transfers occur essentially at 
constant pressun' aiul are indic-attal by jiaths (1-7 and 8-0, respectively. 

C’omprcssion of the n'frigf'iant occurs along path 7-8, which is actually 
lUMther isentropic iu>i' polytropic. If it is assumed that the quantity of 
heat absorbed by th(‘ gas(‘s during (lie first part t)f compression is equal 
to the cpiantity of heat rejeett'd by thcs(‘ same gases during the last part 
of <'om[)re.ssion, tlum flu* form of compression curve shown in Fig. 4,6 will 
be ap[)roached. Iler(‘ tlu' (luantity ol heat absorbed by the gases is equal 
to the area und(*r curve 6-7-.!/, and this (piantity must be equal to the 
([Uantity ol laait rcj('ctc‘d as repr(*s(*ntc(.l by tlie area under curve Jl/^-8-9. 
Since th(‘ temixuat me at whiclt r('j(M‘tii>n of heat from the gases takes 
place is liigluM' tliaii that at which ab.s).)rpt ion of heat occurs, and since 
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the quantities of heat absorbed and rejected are equal, there must be a 
net entropy increase. 

If the cylinder walls are water-jacketed and the temperature of the 
water is below the mean cylinder-wall temperature, there will be an 
absorption of some of the heat resulting from compression, a decrease of 
the cylinder-wall mean temperature, and a decrease in the temperature 
of the discharged gases. These changes will result in a shifting of curve 
6-7-M-8-9 such that a greater amount of heat will be rejected to the cyl- 
inder walls than is absorbed from them, and there will be a smaller increase 
or even a decrease in entropy. The magnitude of these changes will of 



Fig. 4.7. Saturated vapor curves for several common 

refrigerants. 

course depend upon the temperature of the cooling water and the effec- 
tiveness of the jacketing. These shifts will result in a reduction of power 
requirements and an increase in volumetric efficiency (see §4.6). The 
greatest advantage will be found wffien refrigerants resulting in high 
discharge temperatures are used. Thus ammonia compressors are usually 
supplied with water jackets, whereas Freon-12 compressors are usually 
only air-cooled. 

Superheat Horn. The superheat horn 4-4'-5 shown in Fig. 4.5, and 
its counterpart in Fig. 4.6, represent additional energy of compression 
required over that for the ideal reversed Carnot refrigeration cycle. The 
magnitude of this area is dependent upon both the value of n and the 
slope of the saturated vapor curve for the refrigerant. If compression 
of a saturated refrigerant follow^s the vapor curve from the suction to the 
discharge pressure, there obviously would be no superheat; the degree of 
departure determines the magnitude of this additional work. 

In general the more nearly vertical the vapor saturation line, the 
smaller is the superheat horn; this statement is correct in all cases if 
compression is assumed to be isentropic. Figure 4.7 shows the satu- 
rated vapor curves, drawn on common coordinates, for several typical 
refrigerants. If the degree of departure from the vertical is assumed to 
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b<‘ the only factor involved, among the commonly used refrigerants, 
ammonia would have the largest superlieat horn and Freon-12 the 
smallest. The saturation curve of ethyl ether, a little-used refrigerant, 

most nearly eliminates the superheat horn. 

Theoretically, the most efficient cycle using any refrigerant would be 
one completely eliminating all superheat by operating with wet com- 
pression and thereby discharging dry saturated gas at the end of com- 
pression. Practically, however, this is not the case. The unevaporated 
liquid refrigerant entering the compress{)r exists in droplet form and not 
in molecidar suspension, and much of it may still remain in droplet form 
at the end of compression. Superheated gases will he discharged from 
the compressor, and the licpiid droplets will tend to remain in the clear- 
ance space. Upon reexpansion of the clearance gases much of this liquid 
refrigerant will flash into vapor and thus materially increase the volume 
of the clearance gases. Therefore the volumetric efficiency is greatly 
reduced, and the theoretical advantages disappear, 

MathcinaiicaJ Analyncs of Cycles. In most mathematical analyses of 
refrigeration cycles many of the differences between theory and practice 
are disreganled as negligible. Thus any pressure differences across the 
compressor valves are usually neglected because their effect on calcula- 
tions is small oxcej)t at very low evaporator temperatures and pressures. 
C^ompression is usually assumed to he isentropic or at least polytropic. 
The consideration of vapor superheating and subeooling introduces no 
particular difficulties and therefore is often included. The effects of heat 
exchanges between parts of the system and the ambient air are difficult 
to analyze and frequently are small, so that they are usually disregarded. 
The effect of volumetric efficiency is extremely important and is discussed 
separately in the following section. 

4 . 7 . Volumetric Efficiency. A theoretically perfect compressor 
would have neither clearance nor los.ses of any type and would pump on 
each stroke a (piantity of refrigerant e<iual to tlie piston displacement. 
No actual com]>r(‘ssor is able to do this, since it is impossible to construct 
a compressor without clearance or one that will have no wire-drawing 
through the suction and discharge valves, no superheating of the suction 
gases upon contact with the cylinder walls, or no leakage of gas past the 
piston or the valves. All these factors affect the volume of gas pumped 
or the capacity of the compressor. Some of tliem affect the horsepower 
requirements jjer ton of n‘frig(‘ration developed. 

1 he ratio of the actual \'olume of gas drawn into the compressor 
(at evaporator t(‘inperat ure and prc'ssun') on each stroke to the piston 
displacement is tt'rmed volinnelnc efUciency. If the effect of clearance 
alone is consith'red, the resulting ('xpression may be termed clcni'dttcc 
volmnetnc efficiency. 1 he expression usetl for grouping into one constant 
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all the factors affecting efficiency may be termed total volumetric efficiency.’^ 
The clearance volumetric efficiency may be calculated with reasonable 
accuracy; the total volumetric efficiency is best obtained by actual 
laboratory tests, although a fair approximation to it may be calculated 
if sufficient data are available. 



Clearance Volumetric Efficiency, The volume of space between the 
end of the cylinder and the piston when the latter is in dead center 
position is termed clearance vqlume; in Fig. 4.8 this is represented by 
volume 3-4. The clearance, C, is the ratio, expressed in per cent, of the 
clearance volume to the piston displacement. The piston displacement 
is sho\vn in Fig. 4.8 as 3-1. Upon expansion of the clearance gases from 
the discharge pressure, pd, to the suction pressure, p„ the volume of these 
gases will change from 4-3 to 4-2, and the portion of the piston displace- 
ment effective in drawing in a new charge of gas from the evaporator 
will be reduced by 3-2. The ratio of this actual volume of new suction 
gases to the piston displacement is defined as the clearance volumetric 
efficiency, 7\cv Thus, 



Vl — V2 
Vi — Vz 


* To date various authorities are not in agreement on the best method of sub- 
dividing the volumetric efficiency. The expressions here noted are only two of those 
encountered. Others are volumetric efficiency due to superheating, usually found as an 
empirical equation attempting to evaluate the effect of suction-gas heat absorption 
from the cylinder walls; conventional volumetric efficiency or theoretical volumetric effi- 
ciency, other terms for the clearance volumetric efficiency; compression efficiency, a 
measure of the deviation of the actual compression process from the adiabatic; volxo- 
metric efficiency without clearance, an empirical grouping and evaluation of all efficiency 
factors other than the clearance volumetric efficiency; and the leakage volumetric 
efficiency, an empirical evaluation of the valve and piston-ring leakage. 
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but 



and, since expansion from pd to p, is polytropic, 


t'2 




By definition, 

Therefore, by substitution, 


C = 


1^3 


Vi — Vz 


Vcv 


— tJs) — (^^2 — Vs) 
(Vi — Vi) 




( 4 . 5 ) 


This clearance volumetric efficiency has a marked effect upon the com- 
pressor piston displacement required per ton of refrigeration developed. 
The effect becomes more marked as the compression ratio or the spread 
between condenser and evaporator pressures increases. However, it is 
usually considered that clearance has no effect upon the horsepower 
requirements per ton of refrigeration, because the alternate compression 
and expansion of a fixed quantity of vapor theoretically requires zero 
power. This process is analogous to the alternate compression and expan- 
sion of a spring with the work required during compression recovered 
during the following expansion. 

In an actual system it is probable that clearance has some effect upon 
the power requirements since the compression and expansion of the clear- 
ances gases are not likely to follow exactly the same path; that is, the 
work required during compression is not numerically identical to the 
work recovered during expansion. The difference, however, is usually 
small, and reasonably accurate results are obtained if equation 4.5 is 
used in calculating compressor displacement requirements and is dis- 
regarded in calculating compressor poAver requirements per ton of 
refrigeration. 

lolal Volumetric Efficiency. The total volumetric efficiency of a 
compressor is best obtained by actual laboratory measurements of the 
amount of refrigerant compressed and delivered to the condenser. It is 
too difficult to predict the effects of Avire-draAving, cylinder-wall heating, 
and piston leakage to alloAv any degree of accuracy in most cases. 

An approximation to the total volumetric efficiency may be calculated 
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if the pressure drop through the suction valves and the temperature of the 
gases at the end of the suction stroke are known and if it is assumed that 
there is no leakage past the pistons during compression. This approxi- 
mation may be computed with a modification of equation 4.5; that is, 
multiplying it by the ratio of the cylinder and evaporator suction pres- 
sures and by the evaporator and cylinder suction absolute temperatures. 
Thus 


,..-[i + e-c(gy]x2-;x|, (4.6, 

where the subscript c refers to the compressor cylinder and s refers to 
the evaporator or the suction line just adjacent to the compressor. The 
temperature rise of the gases passing from the suction line into the cylin- 
ders is difficult to evaluate. If tests are to be made to determine this 
temperature rise, it usually is found more practical to run complete tests 
and determine the total volumetric efficiency directly. In some cases 
reasonable assumptions can be based upon data available from previous 
tests. Determinations of the suction-valve pressure drops may be made 
from indicator-card data. The assumption that there is no leakage past 
the pistons is reasonable for well-designed compressors in good repair. 
Equation 4.6 applies only to calculations for the determination of the 
piston displacement required per ton of refrigeration and then only 
when Vg and p» are at evaporator and not cylinder cjonditions and pd is at 
condenser pressure. If pressures and the specific volume are taken at 
cylinder conditions, equation 4.5 may be used. 

Although the clearance volumetric efficiency has little or no effect 
upon compressor power requirements, at least a few of the factors grouped 
in the total volumetric efficiency will affect the compression work. A 
reasonable approximation to the actual power requirements may be 
made if they are based upon calculations using the actual cylinder pres- 
sures and not the evaporator and condenser pressures, and if the poly- 
tropic compression exponent is known and used instead of the adiabatic. 

In summary, the most accurate efficiency determinations may be 
made of a compressor by actual tests. A reasonable approximation to 
the total volumetric efficiency as it affects compressor displacement may 
be made by using equation 4.6. Approximations of compressor power 
requirements may be most accurately made by using the polytropic 
compression exponent and by basing the work calculations upon the 
actual cylinder pressures. 

4.8. Rotary Compressors. Sections 4.5 and 4,6, which discuss depar- 
tures from the theoretical vapor-compression refrigeration cycle and 
volumetric efficiency, are applicable to systems using reciprocating 
compressors for the compression process. The analyses would remain 
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essentially the same for systems using rotary compressors, but the eval- 
uation of the factors involved is much more difficult. C learance values 
are difficult to determine; cylinder-wall heating must be renamed, 
although essentially the same superheating process of the suction gases 
occurs; and it is probably incorrect to assume even poly tropic compres- 
sion. Rotary-compressor capacity and power requirements are best 

determined by actual calorimeter tests. 

4.9. Mathematical Analysis of Vapor Compression Refrigeration. 

In §3.15 it was shown that for a constant-pressure process, such as occurs 

in refrigerant evaporation and condensation in the vapor compression 

cycle. 

dQ = dh 

Therefore [see Fig. 4.4(c)] the amount of heat absorbed during evapora- 
tion is 

Qevnp = (^'3 — hi) Rtu per lb (4.7) 

and the amount of heat rejected during condensation is 

= (hA - hi) Htu per lb (4.8) 

It was also shown in §3.15 that for a throttling process no work is done, 
and, with approximately vi\\ni\ entering and leaving velocities, 


ontorintf 


= h 


lofivinc 


and therefore 


/i 1 — /j 2 


(4.9) 


The quality of the refrigerant at tfie end of expansion is 

hi - hf. 


X = 


(3.21) 


/3 


In accordance witli the law of energy ct)nservation, the heat rejected to 
the condens(*r m\ist etpial the heat absorbed in tlie evaporator plus the 
heat ecpiivah'ut of the work of compression, or 

11 X' I'oilip 




./ 


If the expressions given in e<iuations 4.7, 4.8, and 4.0 are substituted in 
this etiuation, 


U ' 

tc c<»inp 


./ 


= (/m - /^ 3 ) Htu per lb 


( 4 . 10 ) 


This e<i\iati()n assumes no heat gains or losses to the ambient air and no 
heat losses during the compression process, 

RcJri(}iratin(j t’Jj’cct is the amount of heat absorbed by the refrigerant 
in its travel through the evaporator. In Fig. 4.4((') this effect is repre- 
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sented by the expression of equation 4.7. In addition to the latent heat 
of vaporization it may include any heat of superheat absorbed in the 
evaporator. 

Weight of refrigerant circulated per (minute) (ton of refrigeration) may 
be determined by dividing the amount of heat in Btu absorbed per 
(minute) (ton of refrigeration) by the refrigerating effect. Thus 


Weight refrigerant circulated 



lb per (ton) (min) 


(4.11) 


Theoretical piston displacement per (ton of refrigeration) (minute) may 
be found by multiplying the weight of refrigerant to be circulated per 
(ton of refrigeration) (minute) by the specific volume of the refrigerant 
gas, (i^,;) 3 , at its entrance to the compressor. Thus 


Theoretical piston displacement 

^ 200 
(/13 — hi) 


{vg)z cu ft per (ton) (min) 


(4.12) 


Theoretical horsepower per ton of refrigeration is the horsepower 
theoretically required to compress the refrigerant. It does not take into 
consideration the mechanical efficiency or the volumetric efficiency of 
the compressor. Compression of the refrigerant is usually considered 
to be isentropic, since the degree of deviation is usually not great unless 
the compressor is cooled by external means. 

If isentropic compression is assumed, the heat equivalent of the work 
of compression per ton of refrigeration is found by taking the product 
of equations 4.11 and 4,10: 


Heat equivalent of compression work 


200 (A 4 - hf) 

(hz - hi) 


Btu per (ton) (min) 


and the horsepower per ton of refrigeration is given by the equation 


Horsepower per ton = 200 


~{h4 - 


- hz) l 

- hi)i . 


778 


4.717 


(h: 

{hi — hz) 

(hz - hi) 


33,000 


(4.13) 


where 778 is the mechanical equivalent of heat and 33,000 is the foot- 
pounds per minute horsepower. The horsepower requirements may also 
be determined for polytropic compression by means of the polytropic, 
steady-flow work equation sho^vn in Table 3.1 and equation 4.11. Thus 

Work of compression 

200 n 

” {hz - hi) {n - 1 ) 


(^ 4^4 — P3Vz) (ft) (lb) per (min) (ton) 
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and 

Theoretical power requirements 

200 n 


(/J3 - hi) (n — O 


[(s) " " 


1 144 


33,000 


hp per ion 



hp per ton 


(4.14) 


If compression is isentropic, n = y — Cp C^. \ alues for y for many 

common refrigerants are given in Table 4.1. 


T.\BEI0 4.1 

Specific He.\ts of RKFitKJERANT Vapors* 


IlcfriKcrant 

('hi'inical 

Symbol 

^ r 

lUu per 

(lb)(F) 

II 



0.240 

1.40 (-22 to +50 F 

A ni . • 

Nils 

0 . 523 

1.31 (70 F) 

dioxide 

CO, 

0 . 200 

1 .29 (50 F) 

Rtlifino 

(MU 

0.413 

1.22 (59 F) 

pldorido 

G.HsCl 

0.27 

1 . 17 (70 F) 

Rt,h v'ler^o 

CdU 

0.300 

1.20 (60 F) 

Dichlorodifiuoromot hatu* \ 

CC%V2 

0.147 

1.13 (50 F) 

(Frcon-12) / 

\IotIiiiiio • 

CIU 

0.528 

1.31 (59 F) 

\Iot)ivl eldorido 

CIUCl 

0.24 

1.28 (77 F). 

\Tet}\vloiio (diloridc' 

ClUCl 

0.154 

1 . 20 (70 F) 

Monochlorodiduoromcthaiu* ( 

CIlClFa 

0.157 

1.18 (118 F) 

(Frron-22) / 

Pronjiiio 

Calls 

0 . 473 

1 . 15 (00 F) 

Siilfii r diovidc' 

so. 

0.154 

1 .20 (61 to 396 F) 

Trichloroiiiuiiolluorompt liaiu* 

CCliF 

0.138 

1.13 (118 F) 

(F rooo-1 1 ) / 

Water vaoor 

1 1 ,o 

0.400 

1 .27 (32 K) 




* Quo atinosplirrc pressure. Temperature's slunvn parenthetically. 


If the compressor cylinders an* jacketed, an appreciable amount of 
heat may be rejected to the cooling water during compression. If the 
suction and discharge compression conditions are known, this heat 
(luantity may be determined from the general energy" equation as the 
ditTerence between the heat equivalent of the work of compression and 
the (liiYerence Ix'tween the initial ai\d final enthalpies. Thus 

liejit rejected to compressor cooling water 



— hs) Btu per 


lb 


(4.15) 
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Coefficient of Performance. The coefficient of performance for a 
reversed Carnot-cycle refrigerating machine was derived as 


c.p. = 


T, - T~ 


(4.2) 


For any refrigerating machine operating on any cycle, 


c.p. 


heat absorbed in evaporator 
heat equivalent of net work supplied 


(4.16) 


and, in terms of the enthalpies for the vapor compression cycle with 
isentropic compression, this equation becomes 


c.p. = 


Hz — h\ 

h\ — /la 


(4.17) 


It should be noted that equation 4.13, the theoretical horsepower per ton 
of refrigeration, and equation 4.17, the coefficient of performance, are 
inverse functions with 

4 717 

Horsepower per ton = (4.18) 

0 m • 

Heat Removed through Condenser, This term includes all heat removed 
through the condenser, either as latent heat, heat of superheat, or heat of 
liquid. Theoretically, it is equivalent to the heat absorbed in the 
evaporator plus the work of compression. From the product of equations 
4.11 and 4.8 it may be expressed as 

Heat removed through condenser 


= 200 


(A4 — ^i) 

_{hz - hi)_ 


Btu per (ton) (min) (4.19) 


Volumetric Efficiency. The volumetric efficiencies were discussed in 
§4.7, where the clearance volumetric efficiency was derived as 


^CV 


= 1 + c 


- (S)-" 


(4.5) 


and the total volumetric efficiency was derived as 


ritv 


1 4- 


c-c^(g)-]xgxS 


(4.6) 


where C is the percentage clearance expressed decimally and the subscripts 
s and c refer to conditions in the evaporator and the cylinder at the end of 
the suction stroke respectively. 

Actual piston displacement per ton of refrigeration per minute may 
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be determined by dividing the theoretical piston displacement, equation 
4.12, by the total volumetric efficiency, etiuation 4.(). 1 hus 


Actual piston 


theoretical piston disp lacement 
displacement 1 


If insufficient data are available for evaluation of the total volumetric 
efficiency, then the clearance volumetric efficiency may be used. How- 
ever the resulting required piston displacement will then err on the low 
side,’ and a safety factor of from 5 to 25 per cent, depending upon the 
refrigerant, the compression ratio, and the compressor design, should be 
applied. With refrigerants having a small superheat horn, such as 
Freon-12, and with small compression ratios, this factor would tend 
toward the lower figure; with refrigerants having a large superheat horn, 
such as ammonia, and with a higher work of compression, this factor will 

approach the higher figure. 

Actual horsepower per ton of refrigeration may be approximated by 
using the correct value of n in equation 4.14, by using the actual cylinder 
suction and discharge pressures, and by dividing the resulting horsepower 
requirements by the mechanical efficiency. The mechanical efficiency 
is the ratio of the indicated horsepower of the compressor cylinder to the 
horsepower required to drive the compressor. All three of these factors 
cannot be calculated. They may be approximated but are best deter- 
mined by actual test. Indicator cards may be used to determine the 
indicated horsepower on large compressors; on small compressors the 
volume of the indicator and its connecting piping is sufficiently large to 
add materially to the compressor clearance volume and thus reduce the 
volume of gas pumped and the work required. The actual capacity 
and power requirements of small condensing units are usually determined 
by their manufacturers through the aid of calorimeter tests. 

Example 4.2. A food-storage locker reqiiires a refrigeration system of 12- 
tons capacity at an evaporator teinpeiature of 20 and a condenser temperature 
of 86 F, The refrigerant, ammonia, is subcooled 9 F before entering the expan- 
sion valve, an<l the vapor is superheated 9 I*' before leaving the evaporator coil. 
Compression of the refrigerant is adiabatic, and compressor valve throttling and 
clearance are to he disregarded. A two-cylinder vertical single-acting compressor 
with stroke equal to 1 .5 times the bore is to be used operating at 900 rpm. Deter- 
mine (a) refrigerating ctTect, (!>) weight of refrigerant to be circulated per minute, 
(c) theoretical piston displacement per minute, (d) theoretical ho!*sepower, (e) 
coefficient of performance, (f) heat removed through condenser, and (g) theo- 
retical bore and stroke of compressor. 


Solution: 


(a) 

(h) 


Refrigerating elTect = 628.3 — 12S.5 = 494.8 Btu per lb 
By c(iuation 4. U , 


Weiglit of refrigerant cireulateil 


200 

494.S 


= 0.404 lb per (min) (ton) 
(0.404) (1 2) = 4,86 lb per min 
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(c) By equation 4.12, 


Theoretical piston displacement = (0.404)(6.10) 

= 2.46 cu ft per (min)fton) 
(2.46)(12) = 29.6 cu ft per min 

(d) By equation 4.13, 

. , . ^ , /701.9 - 623.3\ 

Theoretical horsepower = 4.717 I 023 3 — 128 5 / 

= 0.75 hp per ton 
(0.75)(12) = 9 hp 


/7OI. 

\623. 


;.3\ 

:.5/ 


Alternate solution by equation 4.14: 


Theoretical horeepower 


f 1 69 2^“^^ 

(0.873)(1.31)(48.21)(6.1) “ 

^ (1.31 - 1)(623.3 - 128.5) 


1 


(e) By equation 4.17, 


(1.31 - 1)(623.3 
= 0.75 hp per ton 


623.3 - 12S.5 
“•P- = 701.9 - 623-:3 = 


(f) By equation 4.19, 


. AoI-9 - 128.5\ 

Heat removed through condenser = 200 I 523 3 — 128 5 / 


= 232 Btu per (min)(ton) 
(232) (12) = 2784 Btu per min 


(g) Theoretical cylinder dimensions: 


29.6 


Theoretical piston displacement per cylinder = = 14.8 cu ft per min 

Pumping capacity per compressor cylinder = (piston area) (stroke) (rpm) 

(7r)(d^)(1.5)(900) _ 

(4) (1728) 

Bore = d = 2.89 in. 

Stroke = 1.5d = 4.34 in. 

Example 4.3. If the compressor in Example 4.2 has 2 per cent clearance, 
determine (a) the clearance volumetric efficiency, (b) corrected piston displace- 
ment, and (c) bore and stroke of compressor. 


Solution : 

(a) By equation 4.5, 


17ep = 1 + 


/ 169.2X54 

0.02 - 0.02 (— 


= 0.968 


(b) By equation 4.20, 


29.6 


Piston displacement = ^ ggg — 30.6 cu ft per min 
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(c) Cylinder (limensir)ns: 

Piston displacement per cylinder = 

(7r)(fP)(i.r>)fn()0) 


30.6 


= 15.3 cu ft per min 


= 15.3 


{4)(172S) 

Boro = J = 2.02 in. 

Stroke = l.or/ = 4,3S in. 

Example 4.4. If the compressor in Example 4.3 has a snction-valve pressure 
drop of 4 psi and a discharge-valve i)iessure drop of 2 psi, determine (a) the 
piston displa<*ement. (h) liorsepower, (c) coefficient of performance, (d) heat 
removed through condenser, and (e) bore and stroke of compressor. 

Solution: 


(a) By equation 4.6, 




= 0.888 


By ecjuation 4.20, 


Piston displacement = 


20.6 

0.888 


= 33,3 cu ft per min 


ALTEHNATK .SOLUTION: 


By equation 4.5, using cylinder pressures, 


0.02 - 0.02 


TJcv = 1 + 

= 0.064 

By equation 4.12 and 4.20, using Vg at cylinder suction pressure, 

(200) (6.65) (12) 


Piston displacement = 


(b) By equation 4.13, 


(404.8)(0.064) 

— 33.5 eu ft per min 


Ti . / 700 - 623.3 \ 

Horsepower = 4.71/ ((57,33 = 0.82 hp i>er ton 


(c) By e(|uation 4.18, 


(0.82) (12) = 0.84 hp 


"•p- == 


(d) By equation 4.10, 


Heat reinoxed through condenser = 200 


/ 709 - 128.5 \ 
\623.3 - 128.5/ 


= 235 Btu per (ton)(min) 
(235) (12) = 2820 IHu per min 

(e) Bore and stroke of compressor: 

(_^( //•')( 1.5) (000) 33.5 

(4) (1728) ~ 2 

Ii<nc = d = 3.01 in. 

Stroke = 1.5d = 4.51 in. 
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Example 4.5. If the compressor of Example 4.4 is watei-jacketed so that 
compression follows the polytropic path « = 1.2 and the meclianical efficiency is 
80 per cent, determine (a) the theoretical horsepower, (b) actual horsepower, 
(c) heat rejected to compiessor cooling water, and (d) heat rejected to condenser 
cooling water. 

Solution: 


(a) By equation 4.14, 


Hoi*sepower = 


t 

(O.S73)( 1.2) (44.21) (6.65) - l] 


(1.2 - 1)(623.3 - 128.5) 

= 0.79 hp per ton 
(0.79)(12) = 9.48 hp 

(b) Actual horsepower: 

9.48 


0.80 

11.86 

12 


= 11.86 hp 


= 0.99 hp per ton 


(c) By equation 4.15, 

Heat rejected to compressor cooling water 

n 


(n - l)J 


PiVz 




.) 


(1.2)(144)(44.21)(6.65) 


Y 171.2\ 
\44.21/ 


1 . 2-1 

1.2 



(0.2)(778) 

= 30.3 Btu per lb 

(30.3) (4.86) = 147.3 Btu per min 

(d) By equation 4.19, 

Heat rejected through condenser 

/ 676 - 128.5 \ 
V623.3 - 128.5/ 
(221.2)(12) = 2654 Btu per min 


- (676 - 623.6) 


= 200 


221.2 Btu per (ton) (min) 
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PHOHEEMS 

4.1. Determine the coefhcient of t)erform:inee for a Carnot-cycle refrigerat- 
ing machine ami for a C'arnot-cycle heat pump operating between a condenser 
temperature of -SO F and an evaporator temi>erature of (a) 50 F, (b) 30 F, (c) 
10 F, and (d) -10 F. 

4.2. What is the clearance volumetric efficiency for an ammonia compressor 
designed with 4 per cent clearance and operating between condenser and evapo- 
rator teinperatuies of (a) 80 F' and 40 F', (b) 86 F and 5 F and (c) 86 F and 
-40 F? 


4.3. (a) Solve Problem 4.2 if the clearance is 2 per cent; (b) if the refrigerant 
is dichlorodifluoromethane (F'reon-12) and the clearance is 4 per cent. 

4.4. A compres.sor is designed with 2 per cent clearance and is operated 
between a condenser temj)erature of 80 F' and an evaporator temperature of 10 F'. 
If tlie cylinder suction pressure is 3 psi l)elow tl»e evaporator pressure, anti the 
suction ga.ses are suptwheated 15 F' after entering the compressor and before the 
start of compression, determine the total volumetric efficiency when the refnger- 
ant is (a) ammonia, (b) Freon-12, (c) F'reon-22, and (il) methyl chloiide. 

4.6. A methyl cldoride refrigeration system operates between 90 F con- 
den.sing and 0 F' evaporating. If the theoretical cycle of operation with dry 
compression is assume<l, determine (a) refrigerating effect, (b) weiglit of refriger- 
ant circulated per (min){ton of refrigeration), (c) jnston displacement per (min) 
(ton of refrigeration), (d) horsepower recpiiied irer ton of refrigeration, (e) 
coefficient of i)erformance, and (f) heat removed thiougli condenser per (min) 
(ton of refrigeration). 

4.6. Solve Ihoblem 4.5 if wet compression is assumed. 

4.7. Deteianine the quality of tlie refriger'ant leaving tire expansion valve 
and leaving the evaporator for Problems 4.5 and 4.6. 

4.8. A four-cylinder single-acting comj)ressor with 3-in, boro and 4-in. 
stroke oixnates at (UK) rpm. F'reorr-12 is the refrigerant, and the condenser and 
evajxrrator pressures are 107.9 and 2().5I psia, respectively. If compression is 
«lry and isentr opic, the clearrince is 2 per cent and ther e is no subcooling or super- 
heating (before comjriession) of the refrigerant, determine (a) refrigerating 
capacity in tons and also itr Btu per hr, (b) theoreticjd horsepower wherr oi>er- 
ating under full cajracity, (c) horsepower wlren o]>erating under full eai>aeity 
witir ri = 1.17, (d) heat added during conrpression when a = 1.17, and (e) heat 
rejected to condenser cooling water per horrr. 

4.9. Derive eepration 4.15 fr'oin the general etrer'gy ecpiation. 

4.10. Saturated amrironia vapor is compressed from an evajror'ator pressure 
of 34.27 j>sia to a condenst'r pressur'e of 169.2 ])sia. The pr'ossur'e drop is 4 psi 
through the suction valves and (i psi through the dischar'ge valves; » is 
equal to 1.15. Find (a) the error introduced irr calcuhrting the wor'k of com- 
pression if the valve htsses ar'e neglected and if compressiorii is assumed to be 
isentropic, and (b) lieat rejected to the cooling water per pound of r'efrigerant 
drtring tire actual corn[>iession process. 

4.11. What would be the ru'cessary bore and stroke of a sirigle-actiug four- 
cylinder 3.>0-rpm compiessor operating upon a sinrple saturation cycle between 
the temperatures ot 100 arrd 10 F and developing 12 tons of lofrigeratiou wlieli the 
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refrigerant is (a) ammonia, (b) methyl chloride, and (c) Freon-11? Assume 
stroke equal to 1.5 times bore and a total volumetric efficiency of 100 per cent. 

4.12. A refrigeration system is operating with 75 F condenser temperature, 
10 F evaporator temperature, 5 F subcooling of the liquid refrigerant leaving the 
condenser, and 7 F superheating of the va|>or lea\ing the evaporator. Com- 
pression is isentropic and the clearance is 2 per cent. Neglect valve losses and 
additional superheating of gases entering the compressor. Determine the requii ed 
cylinder displacement per (ton of refrigeration) (min) when (a) the refrigerant is 
Freon-12, (b) the refrigerant is Freon-22, (c) the evaporator temperature is lowered 
to —40 F and the refrigerant is Freon-12, and (d) the evaporator temperature is 
40 F and the refrigerant is Freon-22. 

4.13. A Freon-12 refrigerating system is operating with a condensing tem- 
perature of 86 F and an evaporating temperature of 25 F. (a) If the liquid line 
from the condenser is soldered to the suction line from the evaporator to form a 
simple heat exchanger, and if as a result of this the saturated liquid leaving the 
condenser is subcooled 6 F, how many degrees will the saturated vapor leaving 
the evaporator be superheated? Assume no external gain or loss of heat from 
this heat exchanger, (b) Determine the theoretical coefficient of performance 
with and without this heat exchanger. Assume isentropic compression. 

4.14. A food-freezing system requires 20 tons of refrigeration at an evaporator 
temperature of — 30 F and a condenser temperature of 72 F. The refrigerant, 
Freon-22, is subcooled 6 F before entering the expansion valve, and the vapor is 
superheated 7 F before leaving the evaporator. Compression is isentropic, and 
valve throttling and clearance are to be disregarded. A six-cylinder single-acting 
compressor with stroke equal to bore is to be used, operating at 1500 rpm. 
Determine (a) the refrigerating effect, (b) weight of refrigerant to be circu- 
lated per minute, (c) theoretical piston displacement per minute, (d) theoretical 
horsepower, (e) coefficient of performance, (f) heat removed through condenser, 
and (g) theoretical bore and stroke of compressor. 

4.16. The compressor of Problem 4.14 has 3 per cent clearance; suction- and 
discharge- valve pressure drops of 5 and 7 psia, respectively; polytropic compres- 
sion with n = 1.15; superheating of the vapor after passing the suction valves 
and before compression of 18 F; and a mechanical efficiency of 75 per cent. 
Determine (a) clearance volumetric efficiency, (b) total volumetric efficiency, 
(c) piston displacement per minute, (d) theoretical horsepower, (e) actual horse- 
power, (f) heat rejected during compression, (g) heat rejected to condenser 
cooling wa ter, and (h) gallons of cooling water required per minute if temperature 
rise is 10 F. 



CHAPTER 5 


Refrigerants 

6.1. Introduction. Any substance that absorbs heat through expan- 
sion or vaporization may be termed a relrigeraiit. In the broadest sense 
of the word the term “refrigerant^' is also applied to such secondary 
cooling mediums as brine solutions or coUl water. As commonly inter- 
preted, however, refrigerants include only those working mediums which 
pass through the cycle of evaporation, recovery, compression, condensa- 
tion, and liquefaction. Thus, circulating cold mediums are not primary 
refrigerants, nor are cooling mediums such as ice and solid carbon dioxide. 

6.2. Common Refrigerants, Desirable refrigerants are those which 
possess chemical, physical, and thermodynamic properties that permit 
their efficient application and service in practical designs of refrigerating 
equipment. In addition, if the volume of the charge is large, there should 
be no danger to health and proixu-ty in case of its escape. A great variety 
of substances, among which are butane, carbon tetrachloride, ethane, 
hexane, methane, pentane, propane, and chloroform, have been applied 
to refrigerating systems but found to be of little practical use. These 
and similar materials are either liighly exi)losive and flammable or possess 
other combinations of undesirable proj)(‘rties. 

Many of the n^frigerants used in tlie United States during the past 
few years are listed in Table 5.1, along with their chemical formuhvs and 
a few of their more important thermal aiul physical properties. Those 
with widest application at j>resent are ammonia, the Freon group, methyl 
chloride, sulfur dioxide, and water vajjor. The fields of application for 
which the r(*frig(‘rauts listed in Table 5.1 commonly have been selected 
are summuriz(‘d in tlie ft>llowing sections, 

6.3. Air. .Vir was one of t he earlic'st r(*frigerants and was widely used 
even as late as World W'ar I wlu'revcu* a completely nontoxic medium was 
needed. Although air is fret' of cost and completely safe, its low coeffi- 
cient of performance nutkt's it unable to compete with the present-day 
nontfixic refrigerants. Only wliere opera! ing efficiency is secondary, as 
in airciatt n'lrigeration fsi'c Chapter 7), does air find any modern applica- 
tion as a refrig(*rant. 

6.4. Ammonia. Ammonia is one of the oldest and most widely used 
of jdl r('lrigerants. I (, is highly toxic and flammable. It has a boiling 
point of —28.0 V and a li(|uid spi'cilic gravity of 0.(iS4 at atmospheric 
pressure. Its gK-atest application has been in large industrial and com- 
mercial reciprocating compression systems where high toxicity is secoild- 
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Physical and Thermal Properties of Common Refrigerants 
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ary. For industrial application it has boon found valuable because of its 
low volumetric displacement, low cost, low weight of liquid circulated 
per ton of refrigeration, and high efficiency. However, in recent years 
there has been some decrease in the volume of new installations using 
ammonia. It is also widely used as tlie refrigerant in absorption systems. 

6 . 6 . Carbon Dioxide. C'arbon dioxide, a colorless and odorless gas, 
is heavier than air. It has a boiling point of 109.3 F and a liquid 
specific gravity of 1.56 at atmospheric pressure. It is nontoxic and non- 
flammable but has extremely high operating pressures. Because of the 
high horsepower reciuirements per ton of refrigeration and the high 
operating pressures, it has re<'eived only limited usage. In former years 
it was selected for marine refrigeration, for theater air-conditioning 
svstems, and for hotel and institutional refrigeration instead of ammonia 
l>ecause it is nontoxic. The Freon group have largely supplanted it for 
these applications. At the present time its use is limited primarily to 
the manufacture of dry ice (solid carbon dioxide). The cycle efficiency 
can be improved by the use of two-stage compression, and when applied 
in this manner carbonic refrigeration has received some usage. It has 
also been used for very low-temperature work by adapting it to a binary 
or “cascade” cycle, in which the efficiency is improved by using carbon 
dioxide in the low-temperature stage and ammonia or some other refriger- 
ant in the high-temperature stage. 

6 . 6 . The Freons. Freon is the trade name adopte<l for the following 
group of refrigerants: trichloromonofluoromethane (Freon-ll or Carrene- 
2), (’C’laF; dichlorodifluoromethane (Freon-12), CX’bFa; monochlorotriflu- 
oromethane (Freon-13), C’ClFa; tetrafluoroniethane (Freon-14), CF 4 ; 
dichloromonofluorornethane (Freon-21), CIK'loF ; monochlorodifluoro- 
methane (Freon-22), CTIC'lFs; trichlorotrifluoroethane (Freon-113), 
(’( ' 12 F--CC’ 1 F 2 ; and dichlorotetrafluoroethanc (Freon-114), C 2 CI 2 F 4 . 
They are almost universally referred to by their trade names. Freon-ll 
or ('arrene-2 has a boiling point of 74.7 F; Freon-12, —21.6 F; Freon-13, 
-114.5 F; Freon-14, -198.2 F; Freon-21, 48.0 F; Freon-22, -41.4 F; 
Fr('on-l 13, 1 17. (> F; and Freon-l 14, 38.4 F, 4'he entire group isclear and 
wat(‘r-white in color and has a somewhat ethereal odor similar to that of 
carbon tcdrachloride. They are all nonflammable and for all practical 
puri)osos nontoxic. Freon-l 1, or C'arrene-2, is widely used for centrifugal 
refrigeration. In this field it has almost completely supplanted dichloro- 
ethylene and methylene chloride ((.'arrone-l ). Freon-12, the most 
widely used of the Freon group, is generally applied to reciprocating 
compre.ssors. It has n*ceived its widest use in air-conditioning applica- 
tions where nonto.xic, nonflammable rt'frigerants are required. Froon-21 
and rn‘on-ll4 have Ixmmi api)lied by several manufacturers to rotary 
compr(‘s.s(>rs in domestic refrigerators. They have also been usihI experi- 
nu'ntally tor absorption refrigeration. Freoii -22 has been developed for 
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reciprocating-compressor applications below —20 F, and Freon-13 and 
Freon-14 are intended for extremely low-temperature usage. Freon-22, 
however, may receive wide application in higher temperature installations 
in the future if increased volume of production will permit a lowering of 
cost. Its favorable characteristics may allow it to compete successfully 

TABLE 5.2 

Composition and Boiling Temperatures* of Halide Refrigerants 


Freon-116 
C^Fs 
(-108 F) 


Freon-115 
C2CIF5 
(-36 F) 


Freon- 14 
CF 4 

(-198 F) 


Freon-114 

C2CI2F 4 

(38 F) 


Freon-23 
(Fluoro- 
form) 
CHF, 
(-116 F) 


Freon-13 

CCIF3 

(-114 F) 


Freon- 1 13 
C2CI3F3 
(117 F) 


Freon-32 Freon-22 
CH 2 F 2 CHCIF 2 
(-62 F) (-41 F) 


Freon- 12 
CCI 2 F 2 

( -22 F) , 


Freon-112 
C2CI4F 2 
(197 F) 


Freon-41 
CH,F 
(-108 F) 


Freon-31 Freon-21 Freon-11 
CH 2 CIF CHCI 2 F CCLF 
(16 F) (48 F) (75 F) 


Freon-111 
CjCUF 
(279 F) 


Methane 

CH4 

( -250 F) 


Methyl 
chloride 
CH3CI 
(-11 F) 


Methyl- 

ene 

chloride 
CH 2 CI 2 
(104 F) 


Chloro- 

form 

CHCb 
(142 F) 


Carbon 
tetra- 
chloride 
CCI4 
(171 F) 


Hexa- 

chloro- 

ethane 

C2CU 

(365 F) 


Number of Chlorine Atoms 

* Boiling temperatures at atmospheric pressure shown parenthetically 
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witli ammonia and possibly witli Freou-12 for general refrigeration 
purposes. 

Table 5.2 shows the relationship of halogen content and boiling tem- 
peratures for most of the commonly used halide refrigerants. As was 
pointed out in §5.2, some of the compounds, such as carbon tetrachloride, 
chloroform, and methane, have been found unsatisfactory for general use 
as refrigerants although they have been used for this purpose experi- 
mentally. Others, such as methyl chloride and some of the Freon group, 
are widely applied as refrigerants. The Freon group have all been 
.synthesized expressly for refrigeration purposes. It may be concluded 
from an analysis of this table that there are still many untried possibilities 
for the development of synthesized refrigerants in either the halide or 


other groups. 

6.7. Methyl Chloride. ^Methyl chloride, CH3CI, is a colorless liquid 
with a faint, sweet, nonirritating odor. Methyl chloride was introduced 
about 1920 in the United States for refrigeration purposes and is now 
widely used. It replaced ammonia and carbon dioxide for many new 
installations in the 1920’s and early 193()’s and was widely used during 
World War II as a substitute for Freon, then unavailable. Its use, how- 
ever, appears to be definitely on the decline. It has a boiling point of 
— 10.0 F and a licpiid specific gravity of 1.002 at atmospheric pressure. 
It is to a certain degree both flammable and toxic. Methyl chloride has 
been used in domestic units with both reciprocating and rotary compres- 
sors and in commercial units with reciprocating compressors up to 
approximately 10-tons capacity. 

6.8. Sulfur Dioxide. Sulfur dioxide, SO2, a colorless gas or liquid, is 
extremely toxic and has a pungent irritating odor. It is nonexplosive 
and nonflammable, and has a boiling point of 13.8 F and a liquid specific 
gravity of 1.3(). It is at present one of the most prevalant of all refrig- 
erants in domestic systems, primarily because of the large number of 
sulfur dioxide domestic units built in the 1930’s. It has been applied to 
both reciprocating and rotary compressors. With such applications the 
volume of refrig(‘rant charge is small, and there is little danger of fatal 
concentrations r(‘s\dting through refrigerant leakage. Sulfur dioxide 
has also been used to a considerable extent in small-tonnage commercial 
machines. IIowev<‘r, the volume of new units using sulfur dioxide as a 
refrigerant is small. 

6.9. Water Vapor. Water vapor, II2O, is the cheapest and probably 
the safest of all refrigerants. Ilowt'ver, because of its high freezing 
teinj)(‘rat ur<‘ of 32 1', it is limited in api)lication to high-temperature 
refrig(Mation. Its application lias lu'cn to steam-jet refrigeration and to 
cetbritugal <*ompr('.ssion refrig(‘rat ion. It is, t)f course, nontoxic, non- 
flanirnai)l(*, and noru*x])losive. Ih'caiise of its high-temperature limita- 
tions and its C(tmpl(‘te salety, it has been used principally for comfort 
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air-conditioning applications and to some extent for water cooling. The 
physical and thermal properties of water vapor are well known and 
hence are not discussed further in this chapter. 

6.10. Hydrocarbon Refrigerants. Many of the hydrocarbons are 
used as refrigerants in industrial installations, where they are frequently 
available at low cost. These include butane (C4H10), isobutane (C4H10), 
propane (CsHg), propylene (CaHe), ethane (C2H6), and ethylene (C2H4). 
However, they are all highly flammable and explosive, and therefore 
their use has been limited principally to the chemical and refining indus- 
tries, where similar hazards already exist. They all possess satisfactory 
thermodynamic properties. 

Several of the hydrocarbons, including propane, ethane, and ethylene, 
exhibit promise for use as refrigerants at —100 F or lower. Ethylene 
has a saturation temperature of —176.8 F at a pressure of 6.75 psia and 
makes an excellent refrigerant when used in a cascade system with an 
auxiliary cycle. 

Isobutane was used by one manufacturer of domestic refrigerators in 
a rotary compressor until 1933 but has no such application at the present 
time. Propane has received limited use as both the motive fuel and 
the refrigerant in a refrigerated truck unit. Such a cycle is termed 
transitory, the propane first passing through the evaporator and then to 
the engine. 

6 . 11 . Halogenated Hydrocarbons and Other Refrigerants. Chemical 
compounds formed from methane (CH4) and ethane (C2H6) by the 
substitution of chlorine, fluorine, or both, for part of their hydrogen 
content are termed halogenated hydrocarbons. Many refrigerants, 
including methyl chloride and the Freons, are included in this group. 
Some of the others are described below. 

Dichloroethylene (Dielene), C 2 H 2 CI 2 , is a colorless liquid with a boiling 
point of 118.0 F and a liquid specific gravity of 1.27. It has a strong, 
nonirritating odor similar to that of chloroform and is to a limited extent 
both toxic and explosive. Its principal application has been in centrif- 
ugal compression systems, in which it received limited usage in the 
1920^8. In recent years it has been supplanted by methylene chloride 
and trichloromonofluoromethane. 

Ethyl chloride^ C2H5CI, is a colorless liquid with a boiling point of 
54.5 F. It is to a certain degree both toxic and flammable, and is similar 
in many respects to methyl chloride but with lower operating pressures. 
It is not used in refrigerating equipment at the present time but has in 
the past been selected for both rotary and reciprocating compressors. 

Methylene chloride (Carrene-1), CH 2 CI 2 , is a clear, water-white liquid 
with a sweet, nonirritating odor similar to that of chloroform. It has a 
boiling point of 103.6 F and a liquid specific gravity of 1.291. It is 
nonflammable and nonexplosive and is toxic only at comparatively high 
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concentrations. Methylene chloride is used by several manufacturers 
in domestic rotary compressors and has found some use commercially 
for absorption refrigeration because of its low toxicity and absence of 
fire hazard. It has been used successfully in centrifugal compressors 
but has been supplanted in recent years by Freon-11 (Carrene-2). 

Methyl formate, not one of the halogenated hydrocarbons, 

is a relatively new refrigerant. It has a boiling point of 89.2 F and a 
licjuid specific gravity of 0.982 at atmospheiic pressure. It is highly 
toxic, flammable, and explosive. It has been used to some extent in 

domestic-refrigeration rotary compressors. 

6.12. Comparison of Refrigerants. In the choice of a refrigerant it 
should be remembered that as yet no one substance has proved the ideal 
working medium under all operating conditions. The charactei istics of 
some refrigerants made them desirable for use with reciprocating com- 
pressors. Other refrigerants are best adapted to centrifugal or rotary 
compressors. In some applications toxicity is of negligible importance, 
whereas in others, such as comfort cooling, a nontoxic and nonflammable 
refrigerant is essential. The requirements of a refrigerant to be used for 
low-temperature work are dilTerent from those for high-temperature 
appli<*ations. Therefore in selecting the correct refrigerant it is neces- 
sary to determine those properties which are most desirable and to choose 
the one most closely approaching the ideal for the particular application. 
This section compares the respective merits of the common refrigerants. 

Evaporator and Condenser Pressures. It is desirable that both con- 
denser and evaporator pressures be positive, yet not too high above 
atmospheric pressure. Positive pressures prevent leakage of air and 
moisture into the system and also make it easier to detect leaks. How- 
ever, if tiie pH'ssures are high, heavy construction of compressor, evapora- 
tor, and condenser is usually necessary, resulting in an increased initial 
cost and a less compact system. High operating pressures also tend to 
increase power consumj^tion. 

Figure 5.1 shows graphically the pressure-temperature relationships 
for refrigerants when operating between —00 F and 200 F. Table 5,3 
presents evaporator and condenser pressures, operating-pressui'c ditTer- 
cnces, and compression ratios for various refrigerants when operating on 
the standard cycle of 5 F evaporator and SO F condenser, and also on the 
c3^cle Ix'tween -10 F evaporator and 100 F condenser. The refrigerants in 
this table are arranged in order of increasing pressures. Carbon dioxide 
is the oidy refrig(‘rant. having oi>eraling pressures sufficiently high to offer 
any great structural dilhcvdty for equipment. 

Almost any ndrigerant can be used in conjunction wnth any type of 
compre.s.sor if proper attent ion is given to design. However, I'eciprocat- 
ing coinpres.sors are inherently well atlapted for use with refrigerants 
having low specific volumes, high optu ating ]>ressures, and high operating- 
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Condenser and Evaporator Pressures* 
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pressure differentials. With reciprocating compressors the displacement 
is positive but is limited by the cylinder size and piston speed. Such 
compressors are capable of developing high pressures but can handle 
only relatively low refrigerant volumes. However, high evaporator 
pressures automatically result in low specific volumes at the beginning of 
compression. Because of the definite temperature-pressure relationship 
at saturation, refrigerants associated with high operating pressures also 
have low boiling points at atmospheric pressure. Thus the refrigerants 
usually selected for reciprocating compressors are the ones with boiling 
points below 30 F and with pressure differentials of approximately 
50 lb per square inch or higher. Carbon dioxide, ammonia, Freon-12, 
Freon-22, methyl chloride, and sulfur dioxide come within this group. 

Because centrifugal compressors do not offer positive displacement, 
they are best adapted to refrigerants operating at low pressure dif- 
ferentials and under low evaporator and condenser pressures. They are, 
however, capable of moving large volumes of refrigerant gas. Refrig- 
erants such as Freon-11 and methylene chloride, with operating-pressure 
differentials of less than 22 lb per square inch and with low-side pressures 
of approximately 3 lb per square inch or less, are generally used with 
centrifugal compression. Rotary compressors are best adapted to 
refrigerants with intermediate pressures and pressure differentials. 
Pressure differentials falling between approximately 20 and 30 lb per 
square inch are commonly used. 

Critical Temperature and Pressure. If the critical temperature of a 
refrigerant is too near the desired condensing temperature, excessive 
power consumption results. Table 5.4 presents the critical temperatures 
and pressures for the common refrigerants arranged in order of decreasing 
temperature. With the exception of carbon dioxide, all critical tempera- 
tures shown are well above normal condensing temperatures. For 
carbon dioxide, however, the critical temperature is 87.8 F; and since 
this is only slightly higher than most condensing temperatures, exces- 
sively high pressures result, which necessitate heavy construction of 
equipment and cause excessive power consumption. 

Freezing Temperatures. Table 5.5 shows the common refrigerants 
arranged in order of increasing freezing temperature. The refrigerant 
chosen must have a freezing point well below any temperature that is to 
be encountered in operation. Since all freezing temperatures sho^\^l are 
below —30 F, this requirement becomes a factor only in low-temperature 
operation. 

Cost. In fractional-tonnage systems requiring only a small refrigerant 
charge, refrigerant cost becomes a relatively unimportant factor. How- 
ever, in large systems both the initial and the maintenance costs are 
influenced by the tightness of construction and the leakage tendency of 
the refrigerant. The rate of leakage is known to be inversely proportional 
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TABLP: 5.4 

Rkprkjkkant Critical Tkmpkr-\turbs ani> 


Prkssi’res 


Refrigerant 

Critical 

Point 

Temperature, F 

Pressure, psia 

1 

706.1 

3226. 

Dirhioroethylene ( I )ieh*ne) 

470.0 

795. 

Methylene chloride (('arrein*-! ) 

421 .0 

640.0 

Methyl formate 

418 0 

607.0 

Trichlorotrifhioroethane ( Freon- 1 13) 

Trichloromonofhioroin ethane (Freon- 1 1 , ( 'ar- 

417.4 

495. 

rene-2) 

388.4 

1 

635 . 0 

Ethyl chloride 

369 . 0 

7(V1.0 

1 )ichloronionofiuoroiiiethane (Freoii-21 ) 

353 3 

750. 

Sidfur dioxide 

314.8 

1141.5 

M(*thyl chloridi* 

289 . 6 

969.2 

Isohutane 

272.7 

557 . 1 

.\inrnonia 

271.2 

1651. 

I )ichlorodifIu<»roinet haiu* (Freon-1 2) 

232 7 

582 . 0 

Monochlorodifliioromet hane (Freon-22) 

204.8 

716.0 

Carhon dioxide 

87.8 

1069.9 


TAHEI-: 5.5 

UkFRICEUAN’T FUKKZlNCt Tempkiiatcuks 

Rrfri(/vnini Frvrzimj Point, F 

MonochlorodifhKjniinct luiiu* (Fro<ni-22) — 25(>.0 

Dirhlorodifliioronu'thniu* (Fri*<)n-12) —252.4 

I.sohutaiio —229.0 

Ethyl cliloridc —217.7 

DUddoroinonofliuiroinotliaiK' (Fr(’(>ii-21 ) —211 .0 

Trichloroinonofluoroinct liuiu* (Freon- 1 1 — (’arrene-2) — 168.0 

Methyl forinate —147.5 

Methyl chloride _ 1.|3 7 

Methyh'iio ehlori<le (( 'arreiu*-! ) —142.0 

Aimnonia —107.9 

Sidfur dioxide — 98.9 

l)ichlor(iethyh‘m‘ (Dielene) — 70.0 

Carhon dioxide _ 69.9 

TriehlorotrilluoroethaiK' (Freoii-l 181 — 31.0 

to the .s(|uaro root ot tli(» inolcciihir woifjcht, Iny^ities (iepoinlont upon 

such factors as pressure dilTereneo, (llllusion rate, viscosity, density, and 
capillarity. 

C ovjjicicnt of Performanre and Power Requirements. The Carnot-cycle 
coetlicient ol perforinaiice is 1 4 lor an ideal refrigerant operating between 
8() F condens(‘r and o K ('vaporator. 'Fhe coefficient of performance for 
the common relrigeranis operating between these same temperatui'es on 
the vaiior refi igeration eyide are arranged in decreasing order in Table 5.0. 
the last column ot this table also shows the theoretical horsepower 
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required per standard ton. If the volumetric and thermal efficiencies 
remain constant, the horsepower required per standard ton is inversely 
proportional to the coefficient of performance. 


TABLE 5.6 

Coefficient of Performance and Power Requirements for Various 

Ri^i'RIGERANTS 


Refrigerant 

Coefficient of 
Performance 
(Standard 
Cycle 86 F 
Condenser 

6 F Evapo- 
rator) 

Efficiency 
(% Carnot 
Cycle) 

HP per ton 
(Standard 
Cycle 86 F 
Condenser 
5 F Evapo- 
rator) 

Carnot cycle 

5.74 

100.0 

0.82 

Dichloroethylene (Dielene) 

5.14 

89.4 

0.92 

Dichloromonofluoromethane (Freon-21). . . . 

5.09 

88.8 

0.93 

Trichloromonofluoromethane (Freon-l 1, 




Carrene-2) 

5.14 

87.8 

0.94 

Methyl chloride.- 

4.90 

85.3 , 

0.96 

Methylene chloride (Carrene-l) 

4.90 

85.3 

0.96 

Ammonia 

4.85 

84.5 

0.99 

Trichlorotrifluoroethane (Freon-113) 

4.79 

83.5 

1.00 

Sulfur dioxide 

4.73 

82.5 

1.00 

Dichlorodifluoromethane (Freon-12) 

4.72 

82.2 

1.00 

Monochlorodifluoromethane (Freon-22) 

4.56 

79.4 

1.04 

Carbon dioxide 

2.56 

44.6 

1.84 


Practically all refrigerants in common use have approximately the 
same coefficients of performance and horsepower requirements. The one 
exception sho^vn in Table 5.6 is carbon dioxide, with a power requirement 
of 1.84 hp per ton and a coefficient of performance of 2.56. These 
poor properties may be attributed directly to carbon dioxide*s very low 
critical point. 

Vapor and Ldquid Refrigerant Densities. Low refrigerant densities 
are generally preferable, since they permit the use of smaller suction and 
discharge lines without excessive pressure drops. With centrifugal 
compressors, however, a high vapor density is desirable because the 
centrifugal force imparted to the gas is directly proportional to the vapor 
density. 

Since the velocities in liquid lines are comparatively low, no great 
advantage is gained by using a low-density refrigerant to obtain a lower 
pressure drop. However, if the evaporator is located on a different level 
than the condensing unit, the static head of the refrigerant in the liquid 
line will be smaller with a low-density liquid. An appreciable static 
head will result in a reduction in pressure on the high side of the expansion 
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valve. This pressure reduction \vill cause a portion of the liquid to boil 
and thus will require that the expansion valve handle both liquid and gas. 
To overcome this difficulty, liqxiid heat exchangers are frequently 
installed so that the refrigerant is subcooled before entering the liquid 
line. Table 5.7 shows vapor and licpiid densities for practical refrigerants 
arranged in order of decreasing vapor density. 


TAREK 5.7 

KkFIUC.KHANT VaI’OH and EiqriD r)KNSITIES 


llcfrigcraiit 

Vapor Density, 
li) per cu ft 

Liquid Density 
at 86 F, 

o I-’ 

8(j F 

Ih per cu ft 

Carbon dioxide 

3.741 

21 .00 

37.4 

Monochlorodifluoroinethano (Froon-22).. . 

0.803 

3.212 

73.4 

Diolilorodinuoroinethane (Fruon-12) 

0.673 

2 . 560 

80.6 

Methyl chloride 

0.221 

0.025 

55.8 

Isobutane 

0.156 

0.658 

34.1 

Sulfur dioxide 

0.115 

0.844 

84.4 

Ammonia 

0.122 

0.564 

37.2 

Dichloromonofiuoromotluine (Freon-21). . 
Trichloromonofluoroinetlmne (Freon- 1 1, 

0.110 

0.577 

84.5 

Carrcnc-2) 

0.082 

0.446 

91.4 

Ethyl chloride 

0.058 

0 . 200 

55.0 

Trichlorotrifluoroethane (Freon-113) 

0.037 

0.257 

97.0 

Methyl formate 

0.021 

0.141 . 

61.0 

Methylene chloride ((’arreiie-l ) 

0.020 

0.150 

83.3 


Latent Heat. A liigh latent heat at the evaporator temperature is 
desirable because it is usually associated with a high refrigerating effect 
per pound of refrigerant circidated. This high refrigerating effect in turn 
reduces the reciuired weight of refrigerant to be circulated per ton of 
refrigeration. Table 5.8 gives the refrigerating elTect for various refrig- 
erants operating on the standard cycle. In addition, the latent heat, 


the weight of refrigerant circulated per ton, and the volume of the liquid 
refrigerant circulated per ton are shown. 

It is sometimes found on fractional-tonnage equipment that the cir- 
culation of a low weight of refrigerant is detrimental from the standpoint 
of control operation. Cheater refrigerant volumes necessitate less sensi- 
tive controls, and the adjustments are generally less critical. 

Specific Volinne. The vapor displacement required of a compressor 
is dependent xipon the specific volume of the refrigerant gas at evaporator 
temperature and the refrigerating effect per pound of refrigerant. A low 
vapor displacement per ton of rc-frigeration is necessary for satisfactory 
operation of reciprocating compressors because of the comparatively 
small displacerntmt available. (\'ntrifugal compressors operate satis- 
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factorily with refrigerants requiring very high vapor displacements and 
rotary compressors with refrigerants requiring intermediate vapor 
displacements. 


TABLE 5.8 

Refrigerating Effect and Quantity of Refrigerant Required per Ton 


Refrigerant 

Refriger- 
ating 
Effect, 
Btu 
per lb 
(Standard 
Cycle 

5 F to 

86 F) 

Latent 
Heat 
of Vapor- 
ization 
at 5 F, 
Btu per 

lb 

Weight 
Refriger- 
ant Cir- 
culated 
per 

Standard 
Ton, 
lb per 
min 

Volume 
Liquid 
Refriger- 
ant Cir- 
culated 
per 

Standard 
Ton, cu 
in. per 
min 

Ammonia 

474.5 

565.0 

0.422 

19.6 

Methyl formate 

189.2 

231.0 

1.056 

29.9 

Methyl chloride 

150.3 

180.7 

1.330 

41.2 

Sulfur dioxide 

141.4 

169.4 

1.414 

28.9 

Methylene chloride (Carrene-1) 

134.1 

162.1 

1.492 

30.9 

Isobutane 

111.5 

159.5 

1.794 

91.1 

Dichloromonofluoromethane (Freon-21) . . 

89.4 

109.3 

2.237 

45.7 

Monochlorodifluoromethane (Freon-22) . . 
Trichloromonofluoromethane (Freon-1 1, 

69.5 

93.5 

2.877 

67.4 

Carrene-2) 

67.5 

84.0 

2.961 

56.0 

Carbon dioxide 

55.5 

117.6 

3.603 

166.5 

Trichlorotrifluoroethane (Freon-113) 

53.7 

70.6 

3.726 

66.5 

Dichlorodifluoromethane (Freon-12) 

51.1 

69.5 

3.916 

83.9 


Table 5.9 presents the specific volumes, theoretical piston displace- 
ments, and boiling points of the common refrigerants. These are 
arranged in order of increasing specific volume of the refrigerant vapor at 
5 F. The required vapor displacement is almost directly related to the 
boiling point of the refrigerant at atmospheric pressure. Refrigerants 
having low boiling points are usually operated with reciprocating com- 
pressors; refrigerants having intermediate boiling points, with rotary 
compressors; and refrigerants having high boiling points, with centrifugal 
compressors. 

Stability and Inertness, An ideal refrigerant should not decompose at 
any temperature normally encountered and should not form higher 
boiling-point liquids or solid substances through polymerization. Some 
refrigerants used in both compression and absorption systems tend to 
disintegrate, forming gases noncondensable within the operating-pressure 
range and causing high condensing pressures and vapor lock. Disinte- 
gration of refrigerants is brought about through disassociation, reaction 
with metals, or the presence of unsaturated hydrocarbons in the lubricat- 
ing oil. 
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It is desirable that a refrigerant be inert with respect to all materials 
with which it comes in contact. C^are must be taken in the choice of 
packing and of such parts as gaskets. The winding coverings and 
electrical insulations of hermetically sealed units must be carefully 
selected. 


SpEC’IFK' 


TABLE 5.0 

VOM'MK AND THEORETirAI, Pl.STON 

Varioc.s Ukfrkjkrant.s 


I )ISI*LACKMKNT FOR 


Kofrigorant 

Specific 
Volume of 
N’apor at 

5 F, ou ft 
per lb 

Boiling 
Point F' 
(Atmos- 
pheric 
Pressxiro) 



Vapor 
Displace- 
ment per 
Standard 
Ton, eu ft 
per min 

Ratio 
Vapor 
Displace- 
ment to 
That for 
Carbon 
Dioxide 

Carbon dioxido 

0 . 2r)7 

-100.3 

0.043 

1.0 

Monochlorodifluoroincthnno (Froon- 
22) 

1 .21 

- 41.4 

3 . 50 

3.8 

Dirhlorodifluoromot haiic (Frcon-12) 

1 .40 

- 21.0 

5.82 

6.2 

Methyl chlorido 

4 . 52 


0 . 00 

6.5 

Isobutano 

h . 4 1 

10.0 

11.5 

12.2 

Sulfur dioxido 

0 . 45 

13.8 

0 . 08 

9.6 

Ammonia 

8. 10 

- 28.0 

3.44 

3.7 

Dichloroinonofluoromot liano ( Froon- 
21) 

0 . 00 

48.0 

20.4 

21.6 

Tri ch loroinonof 1 uorom o t ha n o 
(Frcon-11, (^irrono-2) 

12.2 

74.7 

30.3 

38.5 

TrichlorotriMuoroothano (Froon-1 13) 

27.1 

117.0 

100.8 

106.9 

Methyl foriiiato 

47.0 

80.2 

49.9 

52.9 

Methylono ohlorido (Carr<'no-l) 

50 . 0 

103.0 

74.50 

79.0 


Under certain condit ions ammonia will decompose in either compres- 
sion or absorption systems. The exact cause of the decomposition is 
unknown, but it may possibly be attributed to the release of hydrogen 
through the reaction of moisture and metals. 

Freon is stable unless exposed to temperatures over 1000 F. At such 
high temperatures decomposition occurs, forming both corrosive and 
poisonous products. Since such high temperatures are not reached under 
normal circumstances, this behavior is not necessarily detrimental. The 
Freon refrigerants cannot be used with gasket material containing natural 
rublx'r, and they act as a solvent with certain types of insulating mate- 
rials and varnishes. However, they may be used with either neoprene 
or chloroprene rubber, with pressed libers having an insoluble binder, 
with rnetallit^ gaskets, and with many synthetic resins. 

Methyl chloride, along with most of the halogenated hydrocarbons 
(those containing either chlorine or fluorine, or both), is comparatively 
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stable. However, methyl chloride acts as a solvent on many organic 
materials and composition gaskets in the same manner as Freon. It 
cannot be used in the presence of natural rubber or even with some of the 
neoprene compositions. 

Sulfur dioxide does not decompose until a temperature of about 3000 
F is reached and therefore is one of the most stable of the refrigerants. 
At temperatures normally encountered there is no decomposition by 
contact with metals, but at high temperatures there may be some with 
lubricating oils. 

Corrosive Properties. Extreme care must be taken that the com- 
pressor chosen for use with a given refrigerant contains no metal with 
which that refrigerant reacts. A summary of the conditions favoring 
corrosion for five of the common refrigerants is presented in Table 5.10. 

TABLE 5.10 

Corrosive Properties of Refrigerants 


Refrigerant Conditions Favoring Corrosion 

Ammonia Pure anhydrous ammonia will dissolve 

copper unless protected by oil film. 
Galvanized or tinned surfaces some- 
times affected 

Carbon dioxide Not corrosive, except to iron and 

copper and then only when both 
moisture and oxygen are present 

Freon refrigerants Not corrosive to any metals commonly 

used 

Methyl chloride Corrosive to zinc, aluminum, and 

magnesium alloys in the presence of 
only small amounts of water 

Sulfur dioxide Corrosive to most metals when water 

is present. Moisture content in 
system should not exceed fifty parts 
per million 


The Freon refrigerants can be used with practically all metals without 
danger of corrosion, and ammonia may be used with iron or steel but not 
with copper or copper compositions. Methyl chloride should not be 
used in any system containing aluminum, zinc, or magnesium parts. 
Sulfur dioxide is noncorrosive to all metals in the absence of water. 
However, since sulfur dioxide reacts with water to form sulfuric acid, 
care must be taken that the system contains not more than 50 parts of 
moisture per million by weight. Although corrosion will probably not 
result until the concentration is above 300 parts per million, sulfur 
dioxide evaporates more readily than water and thereby allows concen- 
tration of moisture in the refrigerant liquid. Carbon dioxide is corrosive 
to iron and copper if both moisture and oxygen are present. However, 
corrosion no longer occurs after the oxygen is consumed. 

Dielectric Strength, The electrical resistance of a refrigerant is impor- 
tant if it is to be used in a hermetically sealed unit with the motor exposed 
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to the refrigerant. The relative dielectric strength of the refrigerant is 
the ratio of the dielectric strength of the nitrogen-vapor mixture to that 
of nitrogen at atmospheric pressure and room temperature when measured 
in the same gap. Table 5.11 presents in decreasing order the relative 
dielectric strengths of many of the common refrigerants. The Freons 
exhibit the best cjualities from this standpoint. 

TA15EK 5.11 

Relative Dielectric S'lTiFiNOTH of Refhic.kr.-vnt Gases^ 


Relative 

Refriijrrarit Dielectric Strength 

TriclilorornonofliioroiiK'tlisim' (Frcoii-l 1 , ( 'jirrciu'-2) 3.0 

TriohlorotrifUiorocthanc (Fri’oii-l 13) 2.6 

Dichlorodifluoroinethanc (Frcon-12) 2.4 

Sulfur (Moxido 1 A) 

I)i(*hl(>roinoiiofiuoronu*t hano (I'r(‘(>n-21) 1 .33 

Mctliylono chloride (Carreiio-l ) 1.11 

Methyl chlori<le 1.06 

Ethyl chloride 1.00 

Cariion dioxide 0.88 

Ammonia 0.82 


Visrosihj. Table 5.12 shows a summary of the liquid and vapor 
viscosities for the common refrigerants within the temperature range of 
5 to 150 F for the vapors and of 5 to 100 F for the liipiids. It is desirable 
that both the liijuid and the vapor refrigerants have low viscosities 
because of the lower pressure drops in passing through liquid and suction 
lines. Moreover, the heat transfer through condenser and evaporator 
surfaces is improved at low viscosities. 

Thermal Condtwlivify. For efficient use of both evaporator and 
condenser surfaces, a refrigerant should possess a high thermal conductiv- 
ity. Information concerning the thermal conductivities of refrigerants 
is incomplete. Table 5.13 presents the available values for the common 
refrigerants in both the liipiid and the vapor phases. 

Although thermal conductivity is one of the important refrigerant 
qualitii's affecting the efficient use of evaporator and condenser surfaces, 
there arc other tiualilh's eijually important. Some of these arc the sur- 
face wetting i haracteristics of the refrigerant, the solubility and viscosity 
of the lubricating oil usi'd in the system, and the litjuid and vapor veloci- 
ties. High velocities tend to bn-ak down surface film coefficients and 
increase tlu; rale of heat transfer. If (‘hlorine is contained in the refrig- 
erant, it si'ives as a wetting agent that tends to form a better contact 
between the refrigmant and the surfaci', thus increasing the heat transfer. 
The chlorinated hydrocarbon refrigerants and the Freon group come 
within this (classification. 


“ r rum 
Fluids.” 


( 'liarltuii, ]•]. iv, ntul 
(icneral lilectric Rt tufti'. 


(Aiopur, 
V<d. 40, 


1'. S., “ D'u'U'ct ric Strc'ngth of Insulating 
Xu, 0 ^Si'pttMuher. 1037), p. 438. 


TABLE 5.12 

Liquid and Vapor Refrigerant Viscosities in Centipoises* (at 14.7 psia) 
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Oil Effect. Practically all refrigerants are miscible with mineral 
lubricating oils to a certain degree, dependent upon the operating tem- 
peratures and pressures, the viscosity and base of the oil, and the design 
of the lubricating system. Refrigerants relatively nonmiscible with 
mineral oil include carbon dioxide, ammonia, sulfur dioxide, and methyl 
formate. Highly miscible refrigerants include Freon-11, Freon-12, 
Freon-21, Freon-22, Freon-113, methylene chloride, isobutane, ethyl 
chloride, and methyl chloride. 


TABEK 5.13 

Thkrmai. Conductivity op Rrfriof^rants 


Phase 

Hcfrigoraiit 

Temper- 

ature 

F 

Thermal 
('onductivity, 
(Htu)(ft) per 
(sq ft)(hr)(F) 

Vapar 

.Aiiiiuonia 

32 

0.0128 

('arhoM dioxide 

32 

0.0081 


Isohutane 

32 

0.0080 


Monoehlorodifluoromethane (Kreon-22) 

80 

0.0008 


Dielilorornonofliioroinethane (Freon-21 ) 

1 80 

0.0057 


Dielilorodifluoromethane (Freon- 12) 

80 

0.0056 


Methyl eldoride 

Triehloroinonofhioroniethane (F roon-1 1, (’ar- 

32 

0.0049 


rene-2) 

Triehlorotrifiuoroethane (Freon-113) (J atmos- 

80 

0.0048 


phere) 

80 

0.0045 


Sulfur dioxid(‘ 

32 

0.0045 


Methylene chloride (C’arrein*-! ) 

32 

0.0030 

Liquid 

Ammonia 

14 to 08 

0 . 290 

! Sulfur dioxide 

08 

0.200 


('arhon <lioxide 

08 

0.120 


I Methyl chloride 

08 



Dichloroethylene ( nielene) 

08 

0 . 089 


Dichloromononiioromethane (Freon-21 ) 

Triehloromonofluoromethano (Freon-1 1 , (’ar- 

104 



rene-2) 

104 

0.059 


Monoehlorodifluoromethane (F reon-22) 

104 

0 . 050 


Trie hh> rot rifluoroidhane ( Freon- 1 13) 

104 

0.050 


Bichlorodiduoroinethane (Freon-12) 

104 

0.047 


Miscibility should be considered a secondary rather than a determin- 
ing factor in the choice of a refrigerant. However, with nonmiscible 
refrigerants larger heat-transfer surfaces are required because of the poor 
heat-cond\iction qualities of oil. Oil-miscible refrigerants arc advan- 
tageous in that tlu'y give better lubrication becaxise the refrigerant acts 
as a currim- of oil to the moving parts; they also eliminate oil-separation 
problems and aid in the return of oil from the evaporator. 

'Toxicity. Tlie toxicity of a refrigerant may be of prime or secondary 
importance, depending vipon the application. In comfort air conditioning 







§5.12] 


REFRIGERANTS 


97 


the danger of large volumes of a highly toxic refrigerant being discharged 
into the conditioned space must be reduced to a minimum. On the 
other handj with small individual domestic refrigerators highly toxic 
refrigerants have been used satisfactorily and with no danger because of 
the small refrigerant charge. Table 5.14 gives the relative toxicity of 
the common refrigerants, based upon the concentration and the exposure 
time required for serious injury or death. The Underwriters' Labora- 
tories class numbers indicate decreasing toxicity with increasing number. 


TABLE 5.14 

Toxic Properties of Refrigerants^ 


Refrigerant 

Kills or Seriously 

Injures 

Poison- 
ous De- 
compo- 
sition 
Prod- 
ucts 

Under- 

writers’ 

Labora- 

tories 

Class 

No, 

Duration 

of 

Exposure 

Concentration in Air 

Per C’cnt 
by Volume 

Pounds per 
1000 cu ft ' 
at 70 F 

Sulfur dioxide 

5 min. 

0.7 

1.2 


1 

Ammonia 

^ hr. 

0.5 to 0.6 

0 . 2 to 0 . 3 

« « ♦ 1 

2 

Methyl formate 

1 hr. 

2 to 2.5 

3 . 1 to 3 . 9 

1 

♦ ♦ ♦ 

3 

Methyl chloride 

2 hr. 

2 to 2 . 5 

2 . 8 to 3 . 3 

Yes 

4 

Dichloroethylene (Dielene) 

2 hr. 

2 to 2.5 

5.0 to 6.3 

Yes 

4 

Ethyl chloride 

1 hr. 

4.0 

6.7 

Yes 

4-5 

Methylene chloride (Car- 






rene-1) 

h hr. 

5.1 to 5 . 3 

1 1 .2 to 11.70 

Yes 

4-5 

Trichlorotrifluoroethane 






(Freon- 113) 

1 hr. 

4 . 8 to 5 . 3 

23 . 3 to 25 . 2 

Yes 

4-5 

Dichloromonofluorometh- 






ane (Freon-21) 

^ hr. 

10.2 

27.1 

Yes 

4-5 

Carbon dioxide 

4 to 1 hr. 

29 . 0 to 30 . 0 

33 . 0 to 34 . 2 

No 

5 

Trichloromonofluorometh- 






ane (Freon-1 1, Carrene-2) 

2 hr. 

10 

35.7 

Yes 

5 

Monochlorodifluorometh- 






ane (Freon-22) 

2 hr. 

18.0 to 22.6 

40 . 2 to 50 . 5 

Yes 

5A 

Dichlorodifluoromethane 






(Freon-12) 

2 hr. 

28 . 5 to 30 . 4 

88.5 to 94.4 

1 

Yes 

6 


In addition to the actual toxic effects of a refrigerant, consideration 
should be given to the irritating effects, which may result in a panic 
hazard if. leakage occurs into a space occupied by many people. Ammo 
nia and sulfur dioxide, being strong irritants, would not be advisable in 
comfort air-conditioning applications even if they were nontoxic. In 
contrast, all the Freon refrigerants and carbon dioxide are odorless 
within the range of concentrations encountered from refrigerant leakage. 

* Compiled from Underwriters' Laboratories Reports Misc. Hazard 2375 (1933), 
Misc. Hazard 2630 (1935), Misc. Hazard 3072 (1941), and Misc. Hazard 3134 (1940). 







98 


REFRIGERANTS 


[§5.12 


The threshold of odor detection for ammonia is 53 parts per million 
by volume; 700 parts per million will cause irritation. Sulfur dioxide is 
detectable at 3 to 5 parts per million, and 20 parts per million will cause 
irritation. The Freon refrigerants are odorless up to concentrations less 
than 20 per cent by volume in air. One per cent acrolein is sometimes 
added to methyl chloride as a warning agent; this mixture is highly 
irritating at approximately 0.1 per cent by volume. Concentrations of 
carbon dioxide up to 3 per cent stimulate breathing, and those of approxi- 
mately 5 per cent usually cause a sense of giddiness. There is no need 
to add a warning agent to the Freon refrigerants and carbon dioxide 
because it is almost impossible for them to reach fatal concentration 
through refrigerant leaks. 


TABLE 5.15 

Kxplosivk Phopkutiks ok Rkkriokrants® 


lOxplosive Bnnpo, 

( 'oiuHMitnition in .\ir 


Hcfrij'cniiit 


IVr (Vnt 
l>v \’oliim(’ 


Dicliloroothylono (I)iclrnc) 

Kthvl chloride 

Sulfur dioxide 

Methylene chloride (Garrcne-1), 

('jir!)on dioxide 

T r i c h I o r o m o n o f 1 u o r o in o t h a n e 

(Freon-ll, (’arrene-2) 

I )icldorodinuoromet hano ( K reon- 

12 ) 

19 i c h 1 o r o in o n o f 1 u o r o in o t h a n e 

(Freon-21 ) 

Monoc h lo rod i f 1 uo rom et !i a no 

(Freon-22) 

Triclilorot rifluoroet hane (Freon- 
113) 


ll> per 
1000 cu ft 


Hi. 


to 

25, 


4. 

5 

to 

20 

.0 

8. 

1 

to 

17 

.2 

5 

6 

to 

11 

.4 

3 

.7 

to 

12 

A « 

.0 

4 * 1 



Maxi- 
mum 
Explo- 
sion 
Pressure, 
psi 


7.1 to 11 .5 

7.02 to 31 .2 

10.6 to 22.6 
14.1 to28.7 

6.21 to 20.1 
Xonflammable 
Nonflainmahle 
Nonflaininahle 

Nonflainmahle 

Nonflammable 

Nonflammable 

Non flammable 

Nonflammable 


50 

06 

69 

76 

87 


Time of 
Pressure 
Develop- 
ment, 
Seconds 


0.175 

0.026 

O.llO 

0.005 

0.028 


Explosive Propcriies. An ideal refrigerant should present no danger 
of explosion or fire, either in combination with air or in association with 
lubricating oils. TabU' 5.15 gives the explosive properties of the various 
common refrigerants and indicates that the only completely satisfactory 
r(‘frig(‘runts from tliis standpoint are sulfur dioxide, methylene chloride, 


^('oinpilcd from IhulcrwritiTs’ Laboratories Bojxirts Misc. Hazard 2375 (1033), 
.\Iisc. Hazard 2630 (HKla). .Misc. Hazard 3072 (1011) and Misc. Hazard 3134 (1040). 
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carbon dioxide, and the Freon group. All the others are explosive within 
certain concentration limits. 

Effect on Perishable Materials. In case of leakage an ideal refrigerant 
should have no effect on any perishable materials with which it may come 
in contact. The effects of ammonia vapors on most textiles, fruits, and 
vegetables are not dangerous; however, excessive exposure of most 
produce to ammonia Avill result in burns and rot. ]\Iany foods when 
exposed to ammonia will become unpalatable. 

Freon vapors have no effect upon dairy products, meats, vegetables, 
flowers, plant life, furs, and fabrics. Products exposed to Freon vapors 
show no change of taste, color, or texture. 

Methyl chloride vapors have no 


Fig. 6.2. A halide torch 
burns with a blue-green flame 
when halides are present. 


effect upon furs, textiles, or flowers. 

There is no danger in eating foods or 
drinking beverages exposed to methyl 

Sulfur dioxide will kill flowers and 
plant life, but it is not dangerous to |(\| IH 

foods. It acts as a bleaching agent on I IVi IH ^ 3 

some dyes but is noninjurious to furs I \H IH 

and to textile fibers. I IHj^^^^ 

Leakage Tendency. It is desirable i 

that the leakage tendency of a refriger- C 
ant be low. If it does leak, it should be 
easily detectable. The rate of leak 

detection is dependent upon many fac- burns^\vifh^ a blue-green flame 
tors (see §5.12, Cost). In all cases, in- when halides are present, 
creased tendency toward leakage and 

difficulty in detecting leaks will increase operating costs. Ammonia 
leaks are usually detectable by odor and may be located by the ammo- 
nium sulfite (white fumes) formed in the presence of burning sulfur. The 
presence of oil on pipe fittings and other connections usually indicates 
leakage within any system. 

Halides, such as the Freon group of refrigerants, may be detected by 
means of a halide leak detector (see Fig. 5.2) consisting of an alcohol 
torch so designed as to permit air from a particular point being drawn 
into contact with copper in the flame. Freon leaks of a rate as low as one 
ounce per month may be detected in this manner by the resulting blue- 
green flame. However, periodic testings must be made or the loss of 
such a nonodorless refrigerant may be appreciable before it is noticed. 
The external presence of oil should be taken as a warning signal, since oil 
usually leaks out with the Freon. Leakage of Freon refrigerants may also 
be detected by the addition of a small amount of oil-soluble dye to the oil 
circulated in the system. 
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Sulfur dioxide leaks are usually detectable by odor and maybe located, 
as for ammonia, by the formation of ammonium sulfide. In this case 
axiueous ammonia solution is exposed to the leaking lefiigerant. 

Methyl chloride leaks are readily detectable by odor if acrolein has 
been added as a warning agent. Otherwise, as in the case of other com- 
paratively odorless yet flammable refrigerants, leaks may be detected by 
placing the system under pressure and applying a solution of soap and 
water at the point of a suspected leak. 



CONCENTRATION, PER CENT SOLUTE IN MIXTURE 


Fin. 5.3. Typical hrino phase diagraiu. 


6.13, Brines and Eutectics, Brines are frequently used as secondary 
refrigerants. In the broadest interpretation, they include not only salt 
solutions but also any licpiids convoying heat from the source of the load 
to the evaporator. Eutectic brines consist of water and one or more 
additional ingredients proportioned to result in the mixture with the 
lowest freezing point. In addition to their application as secondary 
refrigerants, brines are also used to store refrigeration through the use of 
holdover tanks iis well lus for brine fogs or sprays for cooling meat, fish, 
and other foods. Eutectic brines are frequently used for refrigeration 
storage by freezing the mixture in metal containers or holdover plates. 


Such eutectic plates are \ised in some refrigerated trucks. 

Most two-component brines have constitution diagrams indicating 
the relationship between temperature, phase, and concentration similar 


to that shown in Fig. 5.3. This diagram indicates that the mixture (if 


a salt brine is under consideration) may be liquid, liquid and salt, liquid 


and ice, or st>lid, depending upon the temperature and concentration. 
If the mixture has the eutectic concentration, no solidification occurs until 
the eutectit^ temperature is reached. At that temperature the entire 
mass solidifies ns a mechanical mixture of ice and a dehydrate of the salt. 
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If the mixture has a solute concentration greater than that of the eutectic 
mixture (such as point A), with a lowering of the temperature salt starts 
to freeze from the solution when point B is reached. With further low- 
ering of the temperature, salt continues to solidify, and the remaining 
liquid decreases in concentration, following the boundary line, until the 
eutectic concentration and temperature are reached. With a further 
drop in temperature the remaining mass freezes simultaneously. 

If the mixture has a solute concentration lower than that of the eutec- 
tic mixture, pure ice instead of salt freezes from the solution until the 
eutectic temperature and concentration is reached. The path D-E-F~G 
represents the progress of such a mixture when the temperature is thus 
lowered. AVhen the mixture is in the liquid-and-ice or liquid-and-salt 
regions, the proportions of each phase at any temperature may be deter- 
mined by drawing a horizontal line through the state point intersecting 
the adjacent boundaries. The linear distances from these boundaries 
are inversely proportional to the phase percentages. Thus at point F 

X\ 

the percentage of ice is ; » and the percentage of liquid is — - 7 - — • 

Xi -\- X2 ^1 *+■ X2 

In determining the amount of heat absorbed or rejected in the thawing 
or freezing of brines, correction must be made for the heat of solution. 


TABLE 5.16 

-Aqueous Solution Eutectic Points* 


Solute 

1 

Eutectic 

C’oncentration, 

Wt Solute 

Wt Solution 

Phitectic 
Temperature, P' 

Ammonium chloride 

0.191 

+ 4.3 

Calcium chloride 

0.324 

- 59.8 

Sodium chloride 

0.233 

- 6.0 

Sodium sulfate 

0.049 

+ 30.0 

Potassium chloride 

0.197 

+ 12.8 

Potassium nitrate 

0.112 

H- 26.6 

Methyl alcohol 

0 . 695 

-164 

Ethvl 

0.763 

- 04 

Glycerine . 

0.669 

- 60.4 



1 


Eutectic concentrations and temperatures for several combinations 
of materials are presented in Table 5.16. The total heatr for sodium 
chloride and calcium chl 6 ride solutions at various concentrations and 
temperatures are given in Appendix Tables A. 11 and A. 12. 


* Adapted from Refrigerating Data Book, 5th ed., 1943, Chapter 6, Table 11. 
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PROBLEMS 

6.1. A direcUexi>ansion evaporator consists of 45 ft of ^-in. I.D. finned tubing. 

If the coil is operating 50 per cent fille<l with liquid methyl chloride at 20 F, 
determine (a) the weight of li(iuid refrigerant in the coil and (b) the weight of 
refrigerant vai)or. If the coil is evacuated by pumping a vacuum of 25 in. of 
mercury, determine (c) the weight of refrigerant vapor remaining in the 
evaporator. 

6.2. A cylinder of Fre()n-22 is stored in a room at a temperature of 100 F. 
What pressure exists in the cylinder when (a) the valve is closed, and (b) when 
the valve is opened, allowing vapor to escape? 

6 . 3 . What must be the rate of refrigerant flow through a 10-ton ammonia 
system, operating with dry compression and neither li<|uid subcooling nor super- 
heating of the evaporator vapor, when tlie suction gage pressure is 15.72 psi and 
the condenser gage pressure is 151.7 psi? 

6.4. From data in the methyl chloride tables, construct a pressure-enthalpy 
chart on graph paper. Show i)oth the li(juid and vapor saturation lines and 
several constant-temperature lines extending into the superheated region. 

6.6. A spa<*e 100 X 50 ft with a 20-ft ceiling is to be cooled. Determine the 
number of pounds of refrigerant which, when released in the space, will create a 
dangerously toxic atmosphere if the refrigerant is (a) Freon-12, (b) ammonia, 
(c) Determine the number of pounds of these refrigerant-s that will result in 
exi)losive concentrations in a compre.ssor room 20 X 10 X 12 ft. 

6.6. The sodium chloiide brine in a hold-over system is to be cooled to 16 F 
and will rise in temperature to 38 F when its accumulated capacity is being used. 
If the brine is to be maintained in the li(iuid state at all times and the heat gain 
to the storage tank is negligible, determine the weight and volume of brine 
recpiired to .sui)ply a cooling load of 30,000 Btu in 3 lir when (a) the compi'e^isor is 
not operating, and (b) the compressor (which is of sufficient capacity to cool the 
holdovei system from 38 !■' to 16 F in 12 hr) is in operation, 

6.7. l''rom the data on calcium chloride brine solutions in the Appendix, con- 
struct on grajih jKiper a tempmature-concentration diagram showing the bound- 
aiies betw(‘cn the licpiitl, litpiid-and-ice, and solitl regions. Indicate eutectic 
comaaitiation and temperature. 

6.8. \ 10 per cent calcium <*hlori<le brine is loweretl to a temperature of — 10 F. 
Fiom l’t«ib!cm 5.7 determine (a) the per<*entages of liquid and ice in the mixture 
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and (b) the concentration of the remaining liquid. If the mixture is lowered to 
the eutectic temperature, determine (c) the percentages of eutectic and of ice 
in the mixture. 

6.9. Sodium chloride brine of specific gra\'ity 1.18 is used in eutectic storage 
plates to counteract a heat leakage of 560 Btu per hour into a portable frozen- 
food storage chest. The plates are periodically removed from the chest and 
refrozen. If the brine temperature must not rise above — 2 F, determine (a) 
the pounds of eutectic solid that must be supplied for a storage period of 24 hr 
and (b) the volume of eutectic solution that must be sealed in the plates. 



CHAPTER 6 


Air-cycle, Ejector, and Centrifugal Refrigeration, and the 

Heat Pump 

6.1. Introduction. In addition to vapor-compression refrigeration, 
accomplished by reciprocating or rotary compressors, there are several 
additional types of systems. Air-cycle refrigeration, one of the earliest 
forms of cooling developed, became obsolete for many years because of 
its low coefficient of performance and high operating costs. It has, how- 
ever, been applied recently to aircraft refrigerating systems, where A\dth 
low eciuipment weight it can utilize a portion of the cabin-air supercharger 
capacity. It is unitiue in that the refrigerant remains in the gaseous 
phase throughout the cycle. 

Steam-jet refrigeration has received limited usage in air conditioning 
and other high-temperature applications above the freezing point of 
water. Its thermodynamic cycle is essentially the same as for the stand- 
ard vapor-compression system, but with a steam jet used for evacuation 
of the cooler and for compression of the refrigerant, water vapor. The 
ejector cycle may also be used with refrigerants other than water. 

Centrifugal refrigeration employs the standard vapor-compression 
cycle, with compression accomplished by centrifugal means. Until 
recently its application was limited to comparatively large systems, but 
new developments permit its use in sizes down to 50 tons and possibly 
much lower. Absorption refrigeration systems, which accomplish com- 
pression by absorbing the refrigerant leaving the evaporator in a solution 
at low temperature and pressure and then distilling off the refrigerant at 
a high temperature and pressure by the application of heat, are discussed 
in C'hapter 15. 

The heat pump, usii\g the standard refrigeration cycle to pump heat 
from some external, comparatively low-temperaturo source to the inside 
s[)ace to be warmed, has been developed to the point of practical applica- 
tion in the last few years. Here the useful energy is the heat discharged 
from the coruU'iiser insti'ad of the heat absorbed by the evaporator. 
W'ith the exce])tion of absorption refrigeration, the theory involved in 
each of tlu'se systems will be discussed in this chapter. 

6.2. Air-Cycle Refrigeration. The air-cycle refrigeration system is 
th(i only air-cooling process developed for wide commercial application 
in wliich a gaseous refrig<'rant is used throughout the cycle. Compression 
is accomplished liy a reciprocating i>r centrifugal compressor as in the 
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vapor-compression cycle, but condensation and evaporation are, of neces- 
sity, replaced by a sensible cooling and heating of the gas. An air cooler 
is used in place of a condenser and a refrigerator in place of an evaporator. 
Although some cooling of the gas would result from its expansion, irre- 
versibly, through a throttling valve (see §16.4), a greater drop in air tem- 
perature is accomplished if the expansion is controlled to approach the 
isentropic. Therefore the expansion valve is replaced by an expansio'n 
engine or turbine. 


cooLea 



Since constant-temperature condensation and evaporation are no 
longer involved, it becomes impractical to attempt to approach the 
reversed Carnot cycle, and the reversed Brayton cycle is substituted. 
Figure 6.1 shows diagrammatically an air-cycle refrigeration system with 
air compressor, cooler, expander, and refrigerator. Here the work gained 
in the expander is used to aid in compression of the air and thus in decreas- 
ing the net external work required for operation of the system. In 
practice this may or may not be done. For example, in some aircraft 
refrigerating systems of the air-cycle type, the expansion work may be 
dissipated efficiently by using it to drive other devices. In the theoretical 
analysis to follow, the work of expansion is assumed to aid air compression. 

Figure 6.2 shows theoretical p-V and T-s diagrams for the reversed 
Brayton cycle. Here it is assumed that absorption and rejection of heat 
are constant-pressure processes and that compression and expansion are 
isentropic processes. Thus the heat absorbed in the refrigerator is 


2Q3 = Wc^{Tz - T2) 


( 6 . 1 ) 
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From Chapter 4 the coefficient of performance is defined as 




a<ide<l 



reiectad 


- Q 


added 


Qa<lded 

IFjtnet (in Btu) 


For the air cycle, assuming polytropic compression and expansion, the 
coefficient of performance is 


c.p. = 


Wcr(Tz - T,) 


(^i) (v‘) 


+ 7^2 - Ti) 


T. - T- 


(r^i) (V*) -T. + T,- r.) 

and for isentropic compression and expansion, 

Ts ~ T2 


( 6 . 8 ) 


c.p. = 


^4 - Ts 4- ^2 - Ti 


(6.9) 


In the actual air-refrigeration cycle isentroptic expansion will result 
in the greatest temperature drop and, therefore, an attempt is made to 
approach this process as closely as possible by insulating the expander 
from the surrounding air. If possible, isothermal compression of the air 
would be desirable, since it would reduce the required work. Water- 
jacketing of the compressor cylinders will therefore reduce somewhat the 
work of compression and at the same time will aid lubrication by reducing 
the average temperature during compression. Although cylinder cooling 
by normal means will aid in this respect, the resulting process is poly- 
tropic and by no means approaches the isothermal. If polytropic 
compression and isentropic expansion are assumed, the coefficient of 
performance is 


c.p. 



— ( 6 . 10 ) 

Ti) 


Air-cycle refrigeration may be designed and operated either as an open 
or a closed system. In the closed or dense-air system the air refrigerant 
IS contained within the piping or component parts of the system at all 
times and with the refrigerator usually maintained at pressures above 
atmospheric. The term “dense-air system” is derived from the higher 
pressures maintained in comparison with the open system. In the open 
system the refrigerator is replaced by the actual space to be cooled with 
the air expanded to atmospheric pressure, circulated through the cold 
room and then compressed to the cooler pressure. Such a system is 
inherently hmited to operation at atmospheric pressure in the refrigerator. 
It has the additional disadvantage that moisture is continually being 
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picked up by the air circulated through the cooled space and then depos- 
ited as frost or ice at the lowest temperature points of the system, usually 
at the expansion-engine discharge. 

The open and dense-air systems, as originally applied to cold-storage 
and theater cooling systems, have become almost obsolete. The original 
advantage possessed by the systems of using a completely safe and cheap 
refrigerant has been nullified by the introduction of such nontoxic modern 
refrigerants as the Freon group, and it hits been impossible to overcome 
the inherently high horsepower retiuired per ton of refrigeration. How- 
ever, the air-cycle system is basically well adapted to aircraft refrigera- 
tion. This modern application is discussed in §7.10. 

Example 0.1. An air refrigeration system operating on an open air cycle is 
required to produce 20 tons of refrigeration with a cooler pressure of 175 psia and a 
refrigerator pressure of 15 psia. The temiierature of the air leaving the cooler is 
70 F, and the air leaving the room is at 30 F. Assuming a theoretical cycle with 
isentropic compression and expansion, with no compressor clearance and no 
losses, determitie (a) weight of air circulated per minute, (1)) compressor piston 
displacement retpiired per minute, (c) expander displacement reejuired pei 
minute, (d) coefficient of performance, and (e) horsepower required per ton of 

refrigeration. 


Solution: 

(a) 




O 


T 


70 F = 530 F abs 

1 . 41-1 

530 ( 1 ^ 5 ) = 2fi0 F abs 

30 F = 490 F abs 


4 . 


1 . 41-1 


n = 490 (-‘tV^) = 1000 F abs 

Refrigeratin^^fTect per Ib air circulated = 0.24(490 — 200) = 55.2 Btu per lb 

V . . 200 X 20 

^ ,, Weight air circulated per min = — — 


= 72.4 lb 




(b) 


Compressor piston displacement = V = 


WRT 

P 


(72,4)(53.3)(490) 

(15)(144) 

= S75 cu ft per min 


7 ^ 

(c) Expander displacement = V 2 = Fa tjt 

f 3 

= 875(tSS) = 404 cu ft per min 


(d) c.p. 

(e) 


7\ - 7’., 


490 - 200 


7*4 - 7*3 4- 7’.. - 7’t 1000 - 490 + 200 - 530 


= 0.96. 


Total hoi'sepower = - 


]rr„(r4 - T, + 7V - 7\) 


42.42 
(72.4)(0.24)(240) 

"42 >2 

9S.3 


= 9S.3 


Horsepower per ton = = 4.92 


§6.3] OTHER REFRIGERATION SYSTEMS AND HEAT PUMP 


109 


Example 6.2. The air-refrigeration system of Example 6.1 is modified to 
operate as a closed system with the pressure in both the cooler and the refrigerator 
increased by 25 psi. The same compressor is used, but the expander and the 
other parts of the system are changed to meet the requirements of the new design. 
The temperatures lea\’ing the cooler and the refrigerator are still maintained at 
70 F and 30 F, respectively. Determine (a) weight of air circulated per minute, 
(b) tons of refrigeration developed by the system, (c) expander displacement 
required per minute, (d) coefficient of performance, and (e) horsepower required 
per ton of refrigeration. 

Solution: 


(a) 


(b) 


r, = 530 F abs 

Ts = = 332 F abs 

Ts = 490 F abs 

T 4 = 490(^)o--i9i = 782 F abs 

pV 

Weight air circulated per min = IF = -^ 7 = 

Ri 

(40) (144) (875) 

- (53.3)(490) - 

Refrigerating effect per lb air circulated = 0.24 (490 — 332) 

= 37.9 Btu 

Tons refrigeration developed — = 36.6 

^UU 

Expander displacement = 875(-f|-J) = 593 cu ft per min 

490 - 332 


c.p. = 


= 1.68 


(c) 

(d) 

782 - 490 -h 332 - 530 

(e) Total hc-sepower = (19-3)(0.24)(782 - 490 + 332 53J)) 

Hoi-sepower per ton = = 2.81 

OD.b 


= 102.8 


6.3. Ejector-Cycle Refrigeration. Any refrigerant may be placed in 
a flash chamber and caused to produce refrigeration at the desired tem- 
perature by evacuating the space over the liquid refrigerant to the cor- 
responding pressure. If the volume of vapor formed by the evaporating 
refrigerant is comparatively small, a reciprocating or rotary compressor 
may be used for its removal. If the volume of gas to be compressed is 
large, some other means of compression must be adopted, since the size 
of a reciprocating or rotary unit required would make its application 
prohibitive. Both ejector and centrifugal systems are satisfactory where 
the volume of vapor to be compressed is high. 

Whereas any refrigerant may be made to operate in an ejector system, 
although not always efficiently, water vapor has several inherent advan- 
tages for this type of application. In some cases steam-generating equip- 
ment is already available for use with the refrigerating system, so that 
additional auxiliary equipment is not necessary. Also, an excess supply 
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of high-pressure steam may be availaVile for eeonomieal use as the motive 
force in the ejector, in ^vhich case no heat exchanger is necessary in the 
evaporator, since the water may be circulated directly as a secondary 
refrigerating medium. Moreover, water vapor is nontoxic, nonexplosive, 
and cheap. Its disadvantages are that it is limited to usage above freez- 
ing temperatures, that it reciuires extremely low evaporator pressures, 
and that it needs compression erpiipment of very high volumetric capac- 
ity. In fact, ejector and centrifugal systems are the only ones to date 
that have been found at all satisfactory for use with water vapor. With 
the exception of a few experimental installations almost the entire devel- 



SeCOHOAKV 
EJECTOR OR 
VACUUM PUMR 


Fin. (>-3. Typicjil .stram-jH \vatc'r-vapt>r rrfrigorating system. 

opment of the ej(M‘tor system has hcvn witli water vapor or steam as the 

refrigerant as well as the motive force. 

6.4. Steam-Jet Water-Vapor System. A typical sieam-jet water- 

vapor refrigerating system is shown diagrammatically in Fig. 6.3, and 
the corresponding temperature-entropy diagram is shown in Fig. 6.4. 
High-pressure steam is supplied to the nozzle inlet and is expanded to B 
in the combining chamber. Here water vapor, originating from the flash 
chamber at C, is entrained with the high-veh)city steam jet and com- 
pressed through E into the dilTuser at F'. The velocity of the mixture 
is then n'rlueed, the kinetic energy is converted into an increase in static 
head, and the mass is discharged to the condenser. The condcnsjite from 
the condenser is usually returned to the boiler, and any water vapor 
flasheil from th(' t'vapoiator and included in this condensate must be 
r(*plac(‘d by mak('-up \\at(‘r added to the cold-water circulating systems. 
I'his substitution is usually accomplished by a float valve that allows the 
addition of su(h< ient watt'r to maintain a tainstant water level in the flash 
ehami)('r. ^I'he water in flash chamber C is cooled by the absorption from 
it of the latent la-at of that portion of water flashed and removed by the 
ej(M*lor. 'rhi‘ amount of water lost in the cooling process is very small, 
and the remaining water is eircvilated from the chamber as a secondary 
cooling medium to the point of the load. Fpon return it is usually 
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sprayed into the flash chamber to provide exposure of the maximum 
surface area. 

The operating pressures required are extremely low, since an evapora- 
tion temperature of approximately 40 F requires an absolute pressure in 
the evaporator of 0.25 in. of mercury. If condensation is to be accom- 
plished at approximately 100 F, the condenser pressure must be 2 in. of 
mercury absolute. Operation under these conditions results in a com- 
pression ratio of 8 to 1, which approaches the limit for efficient operation. 
The air and vapor remaining in the condenser are removed by means of 



Fig. 6.4. Steam-jet refrigeration cycle. 

a secondary ejector or a vacuum pump and are discharged from the sys- 
tem. If temperatures below 32 F are to be maintained in the evapo- 
rator, an antifreeze may be added or a brine may be used. However, 
the use of water-vapor refrigeration below freezing is uncommon because, 
among other factors, of the extremely high vacuums that must be 

maintained. 

In Fig. 6.4 point A represents the initial condition of the motive steam 
before passage through the nozzle and B the final condition, assuming 
isentropic expansion. Point C represents the initial condition of the 
water vapor flashed in the evaporator and E the resultant condition of 
the mixture of high-velocity steam and entrained water vapor before 
compression. If compression were isentropic, the final condition would 
then be F at discharge of the mixture to the condenser. Make-up water 
is available at G, slightly lower in temperature than the condenser con- 
ditions, and is throttled to point H in the flash chamber. Because of 
unavoidable losses encountered in expansion, entrainment, and com- 
pression, the actual path of expansion and entrainment of the motive 
steam is AB'D, The motive steam at D and the water vapor flashed at 
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C mix to give a resultant condition shown as E. Compression of the 
mixture actually occurs along EF\ 

The nozzle efficiency, Vn, is the ratio of the actual enthalpy drop to 
the isentropic enthalpy drop of the motive steam passing through the 
nozzle. Numerically, this may range from 85 to 90 per cent. The 
entrainment efficiency, 17 ^, indicates the losses that originate in the transfer 
of a portion of the kinetic energy of the motive steam to the flashed vapor. 
This process, in which the flashed vapor is brought into motion at the 
expense of a loss in kinetic energy of the motive steam, is inherently ineffi- 
cient and, according to Kalustian,i should be taken as G5 per cent. The 
loss of this kinetic energy, 1 — Ve, is dissipated us heat added to the mix- 
ture. The compression efficiency, Vcy indicates the loss encountered in 
utilizing the kinetic energy of tjie mixture for compression in the diffuser. 
The ratio between the isentropic enthalpy increase theoretically required 
to the actual enthalpy increase needed to accomplish this compression 
is the comiircssion efficiency, which may be taken as / 5 to 80 per cent. 

By definition of nozzle efficiency, 

JiA — ffD' — ha) ( 6 * 11 ) 

The quantity lu — ha' is ecpiivalent to the kinetic energy of the motive 
steam, now available for entrainment of the vapors in the flash chamber. 
'J'his process, however, is an inefficient one, and the portion of the original 
motive force available for compression to the condenser is 


IiA — ha ^ rje{hA — ha') 


( 0 . 12 ) 


However, the actual energ 3 ’- recpiired for compression of the mixture is 

h a — ha 


hp' — ha = 


Vc 


(6.13) 


Since the recpiired work of cromprc'ssion must be ecpial to the available 
energy for compression, the' members of ecpuitions (1.12 and (1.13 must be 
eipial when adjusted for the weights involved. Thus 

(ir + \){hy' - ha) = ir(/u - ha) 

hy — ha 


and 


(ir + 1) 


w = 


= ^Vr^nVeihA — ha) 


hp — h a 


(6.14) 


{iiA — hH)‘n>iVcVc — {hy — ha) 

where W is the weight of motive steam in pounds per pound of flashed 
vapor. For cvich pound of vapor flashed from the evaporator, 

Kc'frigerating elTect = he — Jto Htu per lb (6.15) 


and 


^^'eight motive steam per (ton) (hr) = - 


i2,oooir 


he — ha 


(6.16) 


* Kulustiafi, lN*tor. “.Vniilvsis of tlu* ICjrctor C\v<*lo.” Refrigerating Engineering, 
Vol. 28, 4 (Ortoher, 1034), p, 188. 
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This expression serves as a practical means of evaluating the efficiency 
of a steam-jet system, since, as in the absorption system, little mechanical 
energy is involved, and the term “coefficient of performance" has no 
true meaning. 

Exajmple 6.3. A steam-ejector water-vapor system is supplied with motive 
steam at 100 psia saturated, with the water in the flash chamber at 40 F. Make- 
up w^ater is supplied to the cooling system at 65 F, and the condenser is operated 
at 2 in, of mercury absolute. The nozzle efficiency is 88 per cent, the entrain- 
ment efficiency 65 per cent, and the compression efficiency 80 per cent. The 
quality of the motive steam and flashed vapor at beginning of compression is 92 
per cent. Determine (a) weight of motive steam required per pound of flash 
vapor, (b) quality of vapor flashed from flash chamber, (c) refrigerating effect 
per pound of flash vapor, (d) w^eight of motive steam required per (hour) (ton of 
refrigeration), and (e) volume of vapor removed from flash chamber per (hour) 
(ton of refrigeration). 

Solution: 


(a) Referring to Fig. 6.4, 

1.6026 - 0.0162 


Xb = 


2.1597 - 0.0162 
ha = 8.05 + 0.74(1079.3 


= 0.74 

_ 8.05) = 800.8 Btu per lb 


By equation 6.11, 


Ha ^ ha' = 

ha' — 


0.88(1187.2 - 800.8) = 340.0 
847.2 Btu per lb 
847.2 - 8.05 


xa' = 


1079.3 - 8.05 


= 0.783 


By equation 6.12, 


Ha — ho — 

flD = 


(0.65) (340.0) = 
966.2 

966.2 - 8.05 


221.0 


Xd = 


1079.3 - 8.05 


= 0.895 


At point Ef 


Xb 

He 

se 


= 0.92 


8.05 + 0.92(1079.3 — 8.05) = 993.6 
0.0162 + 0.92(2.1597 - 0.0162) = 1.9720 


By equation 6.13, 


sf = = 1.9720 

1.9720 - 0.1316 

Xp = 


= 0.997 


1.9797 - 0.1316 

hp = 69.10 + 0.997(1105.7 - 69.10) = 1102.6 

1102.6 - 993.6 
hp' = 993.6 4 


0.80 


= 1129.8 


By equation 6.14, 


W = 


1102.6 - 993.6 


(1187.2 - 800.8) (0.88) (0.65) (0.80) - (1102.6 - 993.6) 
1.62 lb motive steam per lb flashed vapor 
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xc 


he + ^VhD = 

= (1.02 + 1)(993.0) - (1.02)(906.2) 

= I03S.0 Btu per lb 

1038.0 - 8.05 
= 0.9o 

1079.3 - 8.05 


(e) By equation G.15, 

Refrigerating effect = 1038.0 — 33.05 

= 1004.9 Btu per lb flashed vapor 


(d) By e(piation 6.1G, 


(e) 


^200W1J^ = 19.3 (Ih motive steam) per (hr)(ton) 

1004.9 

VC = 0.01G2 + 0.90(2444 - 0.0102) 

= 2346 eu ft per lb 


Volume vapor removed from flash cluimber 

(12000) (2340) 

1004.9 


= 2S014 (cu ft) per (hr)(ton) 


6.6. Centrifugal Refrigeration. The centrifugal refrigeration cycle is 
identical with the reciprocating or rotary compression cycle, but the 
means used to accomplish compression is basically different. In place 
of a positive means of compression the centrifugal compressor depends 
upon self-compression of the refrigerant by centrifugal force as well as 
by conversion of the kinetic energy of the high-velocity vapors into a 
static pressure increase. The desirable properties of a centrifugal-com- 
pressor refrigerant differ in several respects from those for reciprocating 
compression. With a reciprocating machine the displacement is fixed 
by the physical dimensions and the rpm of the compressor, and therefore 
it is desirable to use a refrigerant recpiiring a low volumetric displacement 
per ton of refrigeration developetl. tVntrifugal compressors, however, 
operate most efficiently with a refrigerant of high molecular weight and 
high volum(‘tri<r displacement. Moreover, reciprocating compressors 
operate satisfactorily with refrigerants requiring a high compression 
ratio, whereas centrifugal compressors require a moderately low com- 
pression ratio. d"hus a refrigerant such as Freon-11 is well suited for 
c(‘ntrifugal coinpic'ssion (see (’hapter 5). 

Centrifugal comprc'ssors are sometimes adapted to water-vapor refrig- 
eration with a centrifugal compressor supplanting the steam ejector. 
\Vat(‘r-vapor centrifugal compression, however, requires such high rota- 
tive' sp('('ds (10, ()()() rpm) for efficient operation that inherent mechanical 
diffie'ult i(‘s have limited its appli('ation. 

Practically all c('ntrifugal compressors are designed with several stages 
of compression, thus retiuiring their classification as multistage. How- 
ever, if intercoolers are not used bet ween stages and if the weight of refrig- 
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erant compressed is the same for each stage, thermodynamically the 
process is equivalent to single-stage compression and may be so considered 
in calculations. 

The forces involved in the operation of a centrifugal compressor may 
be best understood by reference to Fig. 6.5. Consider first a thin layer 
of gaseous refrigerant of area A, density p, thickness dXy and at a distance 
X from the axis. The impeller speed is w radians per sec, the radius r ft, 
and the linear tip speed, v ft per sec. 

Then the volume of the element of re- 
frigerant is AdXj and the centrifugal 
force F upon this element is 


dF = 


(j^’^Apx dx 
9 


if the outlet of the compressor is com- 
pletely closed. The head, in feet of 
refrigerant, corresponding to this force 
is 



dH = 


o3^x dx 
9 


Fig. 6.6. Centrifugal compression 

forces. 


and the total head developed from the axis to the outer radius r is 


= lo 


03^x dx 




Since V is the linear tip speed and V = wr, the head developed by centrif- 
ugal force becomes 



(6.17) 


In addition to this force, produced centrifugally by passage of the refrig- 
erant from the center of rotation to the periphery of the impeller, an 
additional head is produced by virtue of the mass being carried by the 
whirling impeller. As the mass of refrigerant attains a rotational speed 
approaching that of the rotor, this additional head in the form of kinetic 
energy, is 



(6.18) 


and the total head developed, assuming that the blades are radial without 
any curvature, is 

Ht — Hi ”f~ H2 



9 


(6.19) 
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This theoretical head may be converted to pressure increase by multiply- 
ing by the .lensity and dividing by 144. Thus the pressure p, m pounds 

por square inch, is 

V^p 
^ 14 ' 4!7 


( 6 . 20 ) 


It is evident from equation 6.20 that the pressure developed is dependent 
upon the density of the refrigerant and the scpiare of the impeller-tip velo- 
city and that a low-densitv refrigerant requires a much higher rotational 
speed than a high-density refrigerant if the same pressure increase is to be 
developed Therefore a refrigerant such as Freon-11 with a density of 
0 186 lb per cubic foot at 40 F will require lower compressor speeds and, 
in general, will be more satisfactory than water vapor with a density of 

0 00041 lb por cubic foot at the same tompeniture. 

In the (lesion of centrifugal compressors the impeller blades may 
be radial, forward-curved, or backwanU-urved. Radial blades have 
received only limited commercial application, and forward-curved blades 
have been found unsatisfactory because of the compressors’ unstable 
characteristics under conditions of varying load. Backward-curved 
blades have been found the most satisfactory, since the head developed 
falls ofT only slightly as the delivery increases, and therefore the com- 
pressor exhibits nonoverloading power characteristics with increasing 
refrigeration loads. Iviuations (>.19 and 0.20 are approached with radial 
blading but must be modified to take into account the effect of the dis- 
charge angle with either forward- or backward-curved blading. 

The efficiency of a centrifugal compressor is usually expressed as the 
ratio between n/(tt — 1) for the actual polytropic process and y/{y — 1) 
for the theoretical isentropic process. AN'ith modern centrifugal com- 
pressors the efficiency may range as high as 70 or 80 per cent at full 
load. The losses are luimarily irreversible changes resulting from fluid 
friction and turbulence. The advantages t)f centrifugal compressoi*s are 
simplified lubrication with the lubricant separated from the refrigerant, 
eas<‘ of capacity control and high efficiency at partial load, and concentra- 
tion of a liigh capa<*ity in a comparatively small machine. The principal 
disadvantage's are the necessity for a large number of stages with refrig- 
erants reepiiring a high compn'ssion ratio, anti nonadaptability to small- 
tonnage ('([uipment pumping small (piantities of refrigerant. 

6.6. The Heat Pump. In §4.2 it was shown that the Carnot cycle 
may, t lu'oret ically, lie used as a heat engine tir that it may be reversed 
anrl used either as a rt'frigerat ing machine or a heat pump. With the 
reversed ( ’arnot c\ clt' t lu* eo('ffici(‘!\t of pt'rformance when used as a refrig- 
erating machint' is 

7’o 


C.P. rj,^ _ 


( 4 . 2 ) 
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and for a heat pump 



(4.3) 


With the refrigerating machine (equation 4.2) it is desired that heat be 
absorbed from the low-temperature source, and the quantity of this heat is 
proportional to the numerator, T^. With the heat pump (equation 4.3) it 
is desired that heat be rejected at the high-temperature sink, and the quan- 
tity of this heat is proportional to the numerator, T\, The difference lies 
only in the concept of the “desired effect.*^ With an actual compression 
refrigeration machine operating as a heat pump, the coefficient of per- 
formance may be defined by the equation 


c.p. 


heat rejected to condenser 

heat equivalent of net work of compression 


( 6 . 21 ) 


The economical adaptation of the heat pump as a practical means of 
heating requires that the temperature of the source from which the heat 
is extracted be as high as possible and that the temperature of the sink 
to which it is rejected for heating purposes be as low as possible. The 
smaller the spread between evaporator and condenser temperatures, the 
lower is the required work of compression and the higher the coefficient 
of performance. Both water and air, therefore, are practical mediums 
to which the condenser heat may be rejected, but the generation of steam 
requires too high a condenser temperature. Economy therefore favors 
that the heat pump be used in conjunction with either water or air heating 
systems. 

The source of heat supply for the evaporator may be air, ground Avater, 
or the earth itself, depending upon the climate and topography. As yet, 
utilization of solar radiation through low-temperature storage sumps has 
not been attempted, but apparently there is no reason why this might 
not provide a source of heat at or above 32 F with proper development. 
The problem of utilization of solar energy has never been one of the quan- 
tity of heat available but rather of its utility at comparatively low tem- 
peratures. Here is a possible application that fits these requirements. 

Air is abundant, cpnvenient, and easy to handle, but the heat-pump 
efficiency decreases and the heating requirements increase as the outside- 
air temperature drops. Also, defrosting becomes a problem at operating- 
temperatures below freezing. If the air-temperature drop is kept low, 
large quantities of air must be handled. This Avould involve large equip- 
ment and possible noise problems. Thus practical considerations seem 
to limit the present systems using air to climates like those of the extreme 
southern parts of the United States, where temperatures under 20 F are 
not encountered. 

Water from lakes, rivers, and Avells may be used. Water from wells 
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is pn*f(M‘al)lo since here the water temperature is fairly constant the entire 
year and is 50 F or higher even as far north as Minnesota. However, 
means for returninfr the water to the underground reservoir should be 
provided to prevent depletion should there be any widespread usage of 
such systems. A “water-using” unit would be smaller than an air unit, 
since higher temperatures are involved and since the volume of water is 
less than the volume of air that must be handled. Disadvantages of using 
well water include the problem of locating an adequate supply, the cost 
of the well, and the problem of water disposal. 


MEAT REJECTED TO OUTSIDE AIR HEAT ABSORBED FROM OUTSIDE AIR 



COOLING CYCLE HEATING CYCLE 

Fig. 0.(5. .\ir-to-air ccoling and heating loads. 


Reci'iitly mu<*h consideration has been given to using the earth as a 
heat s(turc<'.- =* Installations have been maile where the refrigerant coil 
was buri(Ml in tlie ground aiul also where a heat exchanger was used with 
a circulating-water coil buried in the ground. One disadvantage seems 
to be the large amount of heat-transfer surface retpiired. 

Since development of the heat pump to date includes the use of aii, 
wal<‘r, and earth as lu'at sources and air and water as heat sinks, theie are 
six possible combinations i)f source and sink in application: air to air, ail 
to wat('r, water to air, water to water, earth to air, and earth to w'ater. 
An air-to-air system is shown ihagrammatically in Fig. 6.0, arranged for 


3 Kriul. r, i:. X.. ' Ih-at for tlu* Heat Pvimp.” Heating, Piping and Air Con- 
difio/tnifj, \'ol, IS. \o. 12 ( Dfcciidn'r. ItMCd, p. S5. 

\intuos(\ Kriuti'i'. Smith, and Ilolltulay, "Progress llcjH>rt on the Heat Ihimp. 
/fttidug ofid [ ritfi/iiting, \'ol. Id, No. 12 (Oei'eiiihor, Itl-UP, pp. h8-S2. 
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both the heating cycle and the cooling cycle. Further application of the 
heat pump is discussed in Chapter 17. 

Example 6.3. A vapor-compression refrigeration system has a rated capacity 
of 10 tons of refrigeration when operating with Freon-12 isentropically between 
evaporator and condenser temperatures of 32 and 95 F, respectively. If there 
is no subcooling of the refrigerant leaving the condenser and no superheating of 
the refrigerant entering the compressor, determine (a) the coefficient of per- 
formance of the refrigerating machine, (b) the coefficient of performance of the 
system operating under the same conditions as a heat pump, and (c) the heating 
capacity of the system operating as a heat pump. 

Solution: 

(a) 

(b) 

(c) 
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PROBLEMS 

6.1. An air refrigeration system, operating on a closed cycle, is required to 
produce 20 tons of refrigeration with a cooler pressure of 225 psia and a refrigera- 
tor pressure of 65 psia. Leaving-air temperatures are 70 F for cooler and 30 F 
for refrigerator. Assuming a theoretical cycle \vith isentropic compression and 
expansion, no compressor clearance and no losses, determine (a) pounds per 
minute of air circulated, (b) cubic feet per minute of compressor piston displace- 
ment, (c) cubic feet per minute of expander displacement, (d) coefficient of 
performance, and (e) net horsepower per ton required. 

6.2. Solve Problem 6.1 if compressor and expander clearance is 4 per cent, 
expansion is isentropic, and compression is polytropic wth n = 1.30. 

6.3. Dry air is supplied to the cabin superchargers of an airplane at 14.7 
psia and is discharged at 29.4 psia and 275 F. Fifty pounds per minute of this 


81.8-29.5 

C.p. = = 0.9 


c.p. = 


89.4 - 81.8 
89.4 - 29.5 
89.4 - 81.8 


= 7.98 


Heating capacity = (10)(200)(60) 


89.4 - 29.5 


81.8 - 29.5 
= 137,300 Btu per hr 
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air is 8Ui)plio<l to the primary intercooler of an air-cycle system. 

Determine (a) tlie air temperature leaving the mtercoolei if 1425 Btu pei min 
is removed From the intercooler tiie air enters a secondary compressor (n 
= 1.4) where the pressure is increase<l to 40.5 psia. Determine (b) discharge- 
air temperature and (c) compressor horsepower (mechanical 

cent) The air then flows through a secondary intercooler, and 1440 Btu per 
min is removed. Determine (<!) the air temperature leaving the secondary 
intercooler. The air then enters an expansion turbine (n - l-d)» ''heie the 
pressure is dropped to 14.So psia. Determine (e) the final discharge-air tem- 
perature. (f) the work recovereil from the exi>ansion turbine mechamcal effici- 
ency = OS per cent), and (g) the tons of refrigeration developed if air is heated to 

75 F. 

6.4. A steam-ejector water-vapor system is supplied with motive steam at 
150 psia. OS per cent saturateil. Flash-chamber water temperature is 45 F 
Make-up water is suiipliod at 70 F. and the condenser is operated at 2 m. of 
merciirv absolute. Tlic nozzle efficiency is 90 per cent, entrainment efficiency is 
05 per cent, and compression efficiency is 7H per cent. The quality of motive 
steam and flasheil vajior at beginning of cominession is 90 per cent Determine 
(a) pounds of motive steam per ixmnd of flashed vapor, (b) of vapor 

flashed from flash chamber, (c) refrigerating effect per i>ound of flashed vapor 
(d) pounds of motive steam per (hr) (ton refrigeration), and (e) cubic feet of 
vapor removed from flash chamlier per (hr) (ton refrigeiation). 

6.6. A steam-ejector water-vapor system is o|>erating under the same 
conditions as in Ihoblein (>.4 with the exceptions that the quality of motive steam 
and flaslied vapor at the beginning of compression is unknown, and the quality 
of vapor flashed from the chamber is 97 per cent. Determine (a) pounds of 
motive steam per iiound of flashed vapor, (b) (luality of mixture of motive steam 
and flashed vapor at the beginning of compression, (c) pounds of motive steam 
per (hr) (ton of refrigeration), and (d) Btu per (hr) (ton of refrigeration) removed 
from the steam mixture in the condenser, 

6.6. A steam-jet refrigeration unit is used to supply cooled drinking water 
directly. Make-up water is supplied to the system at a rate of 20 gph, and onnk- 
ing water is removed at a rate of 15 gph. If the concentration of salts in the 
supply water is bS parts iier thousand, determine the equilibrium concentration 

in the (*vaporator water. 

6.7. A refrigerating machine is to be designed to produce 300 gpm of chilled 
water at 40 with supply water at fiO F, Either a steam-jet or a water-vapor 
centrifugal system may l>e u.sed. Water vapor entering the compressor or ejector 
from the flash cha mlier has a quality of 0.9S. Determine (a) required capacity m 
tons of ri'frigeration and (b) pounds and cubic feet of vapor removed per minute 
from flash cliamlier. 

6.8. \ centrifugal refrigerating system operates with an evaporator tem- 
perature of 40 1-' and a condenser temperature of S5 F. If it is assumed that the 
compressor lias radial blades and that the theoretical maximum head may be 
dev(4oped. didm iniiu* tlie ratio lietween the required rotative speeds for Freon-11 
and water vapor as refrigeiants. 

6.9. A centrifugal i-ompn'ssor. ilesigned witluHit intercoolei-s, operates \yith 
l'’reoii-l 1 betwemi tlie temperatures of 20 and S5 F evaporating and condensing, 
respectiv'oly. Tlie eompri'ssion effieieiiey is 75 jier cent, and the condenser- 
water temperature rise is 15 F. If tlie system jiroduees 200 tons of refrigeration, 
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determine (a) pounds of refrigerant circulated per (ton) (min), (b) cubic feet of 
evaporator vapor compressed per (ton)(min), (c) cubic feet of vapor per (ton) 
(min) discharged from the compressor, (d) theoietical hoisepower per ton of 
refrigeration, (e) coefficient of performance, and (f) gallons per minute of con- 
denser water. 

6.10. A heat pump is to be used for heating a building with a design load of 
50,000 Btu per hour. Water at 50 F is available as a heat source, and the air 
supplied to the rooms is to be at 100 F. A 10 F differential is necessary between 
condensing refrigerant and supply air and between evaporating refrigerant and 
heat source. If the actual c.p. attained is 70 per cent of that for a reversed 
Carnot cycle operating between the same temperatures, determine (a) the actual 
c.p. and (b) the compressor horsepower required to supply this heat load. 

6.11. Determine the cost per 1000 Btu of suppljdng heat in your territory 
for (a) oil, (b) gas, (c) direct electric heating, and (d) heat pump. In calculating 
gas and oil costs assume heating-plant efficiencies of 80 and 75 per cent, respec- 
tively, In calculating heat-pump costs assume a condensing refrigerant temper- 
ature of 110 F, an evaporating refrigerant temperature 10 F below local 
nonthermal water temperatures, and an actual c.p. 70 per cent of that for the 
reversed Carnot cycle. Assume a compressor mechanical efficiency of 80 per 
cent, with the compressor located in the air stream being heated. 

6.12. A heat pump is to be designed for the compression distillation of sea 
water to supply small amounts of potable drinking water. The supply of sea 
water is 1.25 lb per hour and the discharge from the system is 1.0 lb distilled 
water and 0.25 lb brine per hour. The evaporator and condenser are combined 
in one unit, with the water evaporated at 212 F and 0 psi compressed adiabatically 
and discharged to a condenser coil located in the evaporator. The system is 
started with an electric heater, after which the heat of vaporization is supplied 
by the condenser. To increase the efficiency a system of heat exchangers is 
incorporated %vith sea water entering at 60 F, drinking water discharged at 80 F, 
and brine discharged at 70 F. The specific heat of sea water is 0.97 and of 
brine at discharge is 0.84. Assume steam tables to be correct regardless of dis- 
solved solids and assume no external heat losses. Determine (a) pressure 
required for compressor discharge, (b) compressor input in horsepower and 
watts, and (c) electrical input required for equivalent distillation rate accom- 
plished by electrical resistance heating only. 



CHAPTER 7 


Compression Refrigeration Machines 

7.1. Introduction. Compression of a refrigerant gas may be accom- 
plislied l)y any one of several dilTerent means. Positive displacement 
may be used, as in the rvciprocaiing, rotary^ or year types of compressors; 
eentrifxigal force may be applied, as in the centrifugal compressor; an 
rjector may be used, as in the steam-jet refrigeration cycle; or absorption 
of a low-pressure refrigerant gas in a secomlary fluid, followed by the 
absorbent’s release upon application of heat, may be utilized. T.he basic 
theory involved in the first three of these metht)ds was discussed in Chap- 
ters 4 and (>, and the theory and application of the absorption refrigeration 
system is presented in C'hapter 15. The etiuipment used in the practical 
application of positive displacement (reciprocating and rotai-y compres- 
sors), centrifugal, and ejector refrigeration systems is discussed in the 

present chapter. 

7.2. Reciprocating Compressors. The eciuipment used for compres- 
sion of the refrigerant ft>rms the heart of the refrigeration unit, and the 
positive-displacement reciprocating compressor is the compression system 
most commonly \ised today. Althoiigh present-day compressors are 
fundamentally similar to those constructed in the latter part of the nine- 
teenth c(mtuiy, many refinements have been made. The original recip- 
rocating compressors were slow-speed (50 to 55 rpm) steam-driven 
devices, and fre(iuently using litiuid refrigerant, or in some cases oil 
injected during the siudion stroke, for cylinder cooling. Ihe original 
units wen' manually controlled, and small fractional-tonnage machines 
were unknown. Modern reciprocating compressors are usually electric- 
motor (lri\('n, high-speetl (up to 3500 rpm), and usually air- or water- 
cooled. how-tonnage and fractional-tonnage machines are usually 
complet(‘ly automatic, and huge compressors arc usually semiautomatic. 
Idle mod('rn de\ ('lopment of high-speed and fractional-tonnage compres- 
sors, tog('th('r witli automatic control, has made possible the extension 
of rc'frigerat ion etiuipment to a great many applications previously con- 
sidt'red impossil)l('. I'lit' d('t ails of modern reciprocating-compressor 
(h'sign art* discusst'd in (la* following sections. 

7.3. Reciprocating-Compressor Cylinder Design. All reciprocating 
compK'ssors consist of out' or more cylimlers suitably valved for suction 
and discharge t)f tlu' r(‘frigerant gas and containing reciprocating pistons 
for compic.'sit)n. I'lit* dt'sign of tlu* cyliiulers may vary as to number^ 

arrangement , and net inn (tht'v may In* single-a(‘t ing or double-acting). 
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hris on hiiili ihc iicinl atnl riank end ol iiu‘ pistini, so tliat a new eharge 
ol ^as a I w a \>s 1 nan'.; « 1 1 a w n into i lie eoinpics>or whiU' a si'eond eharjie ot 
^a> i" ln'ini; entnine-'-id mi tlie oppiisilt' >ide ol lln' piston. Fi^tire 7.1 
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compressor is shown in Fig. 7.3, and a radial compressor is shown in Fig. 
7.4. The development of the double-acting compressor has paralleled 
to a great extent the development of tlie steam engine, and its design 
includes stuffing boxes and crossheads similar to those on steam engines. 



Fig. 7.4. Radial compressor. C'ourtesy C'hrysler Corp., 

Airtemp Division. 

In recent years the horizontal double-acting compressor has almost dis- 
appeared from new applications; the single-acting compressor, with its 
smaller space requirements, higher speeds and greater flexibility, dom- 
inates the market. 

Number of Cylinders. The design of reciprocating compressors is 
adaptable to a wide range in the number of cylinders. Reciprocating 
units are available with from one to 16 cylinders with the V, IF, and radial 
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•(*atcst numlxMs. 'I'ho present trend 
toward hitiher operatinj^ speeds is 
usfially eoml)in<‘d with low displuee- 
inont p(‘r cvIiiKhM-, tot 5 ether with the 
us(‘ of s(‘veral cylinders. Figure 7.5 
sliows a }iin(jU‘~cyUti(ivr rcrfical com- 
pr(‘ssor and Fig. T.li an arrangement 
tif six pistons for a IF compressor 
(h'sign. 

(’ifli/K/cr Ilcaifs. The ci/Iinder 
heads on most modern compressors 
arc l)olt(‘d tight to t lu‘ cylindt'rs, hut 
in some* large compressors where 
1 lu‘r(‘ is danger of op(*ration with wet 
comprt'ssion or of the entrance of for- 
(‘igii materials into the cylinder 
spac(\ s<ifehf heads are pro\'ided to 
r(‘duc(‘ tiie ilanger of damage. Sueli 
a safi'ty luxul is a seeoiularv head 
seated at tlie (-nd of the cylinder and 
held in t)osition with heavy spiral 
o mt>\e this head is greater tlian tlie 
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( oi l) . ^’erk. I’riinu. 
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discharge operating pressure, the safety head remains stationaiy. How- 
ever, if an excess of wet refrigerant or if foreign materials of any nature 
enter the cylinder space, movement of the safety head relieves any 
excessive pressures and thereby prevents serious damage to the cylinder. 
The extremely small clearances required for high volumetric efficiency in 



Fig. 7.7. Two-cylinder vertical compressor, showing safety heads. Courtesy York 

Corp., York, Pcnna. 

the operation of reciprocating compressors (see Chapter 4) frequently 
makes it desirable to use safety heads in large machines. Figure 7.7 
shows a two-cylinder vertical ammonia compressor incorporating safety 
heads. 

Small compressors usually rely upon refrigerant filters for the removal 
of foreign material. In some small-cylinder, high-speed compressors the 
discharge valve, located in the head of the cylinder, consumes practically 
the entire head area and therefore functions as both a discharge valve and 
a safety head. 

Multiple-Effect Compressors. The principle of dual or multiple-effect 
compression (see Chapter 13) has been known for many years. Such 
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sv.stems are designed so that on the downward stroke of the piston a charge 
of gas from the low-pressure evaporator is first drawn into the compressor. 
Toward the close of the suction stroke a valve or port is uncovered which 
permits gas from the high-pressure evaporator to enter the cylinder, thus 
supplying a part of the charge as well as partially compressing the low- 
pressure evaporator gas and closing the low-pressure suction valve. 

This principle is not readily adaptable to one- or two-cylinder com- 
pressors. If two evaporators of known loads and at known operating 
temperatures are to be operated with a dual or multiple-effect compressor, 
it is possible to design that compressor with a medium-pressure suction 
port opening at the correct point of the piston stroke. However, the 
<lesign is inflexible, and varying loads anti temperatures cannot be pro- 
vitled for with a single inflexible unit. Even more important, it is almost 
impossible to predict the exact ratio between the two evaporator loads 
and therefore the correct points for the two port openings. 

Recently the radial compressor, designed with high speeds and with 
many cylinders, has been suggested as a practical system for the applica- 
tion of multiple-elTect compression. Here a portion of the cylinders may 
be adapted to multiple-elTect compression with the remainder used on 
single compression. Furthermore, comparatively inexpensive cylinder 
liners containing the secondary ports may be installed or changed after 
installation so that the balance between compressor and loads may be 


made under actual operating conditions. 

Stage Compression. Stage compression may be accomplished with 
either reciprocating or centrifugal compressors. I^sually, with recipro- 
cating systems, separate compressors operating from individual power 
sources arc used for each stage. Some multiple-cylinder compressors, 
however, are so installed that some of the cylinders are operating as a low- 
pressure stage, the others operating as a high stage. In such a case care 
must be taken to see that the work of compression on each stage is approx- 
imately the same. The theory of stage compression is discussed in 
(hapter 13. 


7.4. Reciprocating-Compressor Drives. Practically all of the early 
reciprocating comj^ressors were steam^iriren, \isually by Corliss engines, 
with a few sinidl donu'slic ndrigerators operated by water power. Such 
eejuipment is now obsoUdc', and practically all modern refrigeration com- 
pressois are driven by (hcfric motors. A few large steam-driven com- 
pressors are si ill bt'ing installed and used where steam forms the most 
(’conomical source of availa))l(' energy. Some, for use where electnc 
])ow(‘r is inacc(‘ssible or for truck t ransporat ion and similar purposes, are 
designed for (iptaatiou with i nfernol-rotnhnstion engities. 

Open and ffermetic ( *om pn ssors. (.\>mpressors may be further sub- 
di\'id(Ml as open-tgpr nnn pressors and as hermetic compressors. With the 
open typ(‘, power is n'ceivc'd from an external source with one end of the 
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crankshaft extending through the crankcase to either a direct motor drive 
or a V-belt, gear, or chain drive. AVith such a design it is necessary to 
seal the crankcase against refrigerant leakage at the point where the shaft 
emerges. In practically all cases the crankcase is exposed to the circu- 
lating refrigerating gas, and leakage around the shaft must be prevented 
under both static and moving conditions. With horizontal double-acting 
compressors the piston rod slides back and forth through a stuffing box, 
usually sealed with asbestos and graphite or a metallic or semimetallic 


packing. Most compressors de- 
signed with a rotating shaft emerg- 
ing from the crankcase utilize a 
bellows or sylphon seal of which 
there are several designs. One such 
design, shown in Fig. 7.8, consists of 
a gasket and flexible spring-expanded 
bellows attached to the crankshaft 
with a ring on the bellows rubbing 
against a smooth bearing suface on 
the crankcase. With a reasonable 
spring pressure of 30 to 50 lb per 
square inch and with normal lubri- 
cation, refrigerant leakage is reduced 
to a minimum both under operation 
and stationary conditions. Appli- 
cations of this type of seal are shown 
in Figs. 7.1 and 7.5. 

The hermetic type of compressor 



Fig. 7.8. Bellows crankshaft seal. 
Courtesy Universal Cooler Division, 
International Detrola Corp. 
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may be either reciprocating or rotary 

and is a direct-drive unit with both the motor and the compressor hermet- 


ically sealed within the housing. This arrangement eliminates the neces- 
sity of any shaft seal and consequently prevents refrigerant leakage at 
that point. It also reduces the operating noise, because the external 
drive is also eliminated. It has the disadvantage, however, that the 


moving parts are inaccessible for repairs. Lubrication is greatly sim- 
plified, since both the motor and the compressor operate in a sealed space 
with the lubricating oil. Figure 7.9 shows a typical hermetic recipro- 
cating compressor and Fig. 7.10 a typical hermetic rotary unit. 

Compressor Speeds. The trend in modem compressor design is toward 
higher operating speeds. Whereas the original steam-driven reciprocat- 
ing compressors operated at approximately 50 rpm, modern compressors 
operate from 250 to 3400 rpm. Recently some designs of compressors 
have been operated experimentally at speeds as high as 5000 rpm with 
satisfactory results. The advantages of high-speed operation are obvious, 
because each increase in compressor speed reduces the displacement 
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reciuired por stroke and consequently the compressor size. In the design 
of high-speed compressors considerable care must be taken to reduce 
throttling through the suction and discharge valves. An increase in the 



Tig. 7.0. Hermetic r(‘cipn>enting compressor, ('ourtesy Universal Cooler Division, 

Int(‘riuitional Detrola ('orp. 


pn'ssure dilh'ient ial r('( 
in llie work of coinpre 
metric efTieieticv. 


piireil for valve operation will result in an increase 
ssion as well as a decrease in the clearance volu- 


Bcaritxjs (ind C'nnilslKtff. Compressor hcarijigs may be either of the 
slrcrr type or tlu* aniijririiou type. The latter is usually limited to the 
main hearings alone. Tlu‘ crankshafts of larger compressors are usually 
of tli(‘ rnut /.'-throw type, mad(» of drop-forged steel and frequently case- 
liar<l(Mi(Mi. llow('A cr, it llu* bearing loads are low, small compressors may 
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be designed with eccentrics in place of crank throws. These eccentrics, 
usually made of cast iron, are fastened to a straight shaft with the bearing 
end of the connecting rod completely encircling the eccentric. Figures 
7.3 and 7.6 show compressors incorporating the crank-throw or offset type 
of crankshaft, and Figs. 7.1 and 7.5 show compressors incorporating the 
eccentric type of crankshaft. 



Fig. 7.10. Hermetic rotary compressor. 
Courtesy Norge Division, Borg-Warner Corp. 


CoTTipressor Capacity Control. Control of compressor capacity may 
be obtained in several ways. This subject is discussed in Chapter 14. 

7.6. Reciprocating-Compressor Valves. All refrigeration compressor 
suction and discharge valves are dependent for their operation upon a differ- 
ence in pressure between the inside of the cylinder and the suction or 
discharge line. Mechanically operated valves would reduce valve throt- 
tling, if they could be applied properly, but they have proved unsatis- 
factory because each change in the condenser or evaporator operating 
pressures requires a change in the valve setting. With the pressure- 
differential types of valves the suction valve opens when the cylinder 
pressure reaches a point slightly below the suction-line pressure, and the 
discharge valve opens when the compressor pressure exceeds slightly 
the discharge-line pressure. Thus the compression range is from some- 
what below the evaporator pressure to somewhat above the condenser 
pressure. The pressure differentials required for operation of the valves 
depend upon the valve design and the compressor speed. 
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Valve Arranaemeni. The suction and discharge valves may be 
arranged either with both placed in the compressor head or with the suc- 
tion \ alve in the top of the piston and the discharge valve in the com- 
pressor head. With the latter design the suction gas may be admitted 
either through the cylinder wall or through the compressor crankcase. 
The uniflow arrangment with the suction valve in the head of the piston 
and the discharge valve in the head of the cylinder is the usual design for 



Fig. 7.11. \'crticnl compressor with uniflow valve arrangement. Courtesy Carrier 

(’orp. 

large ammonia compressors. Arrangments with both suction and dis- 
charge valves in the cylinder head are usual with small or fractional- 
tonnag<‘ compn'ssors. F'igures 7.7 and 7.11 show compressoi's with 
uniflow valve arrangments and Figs. 7.1 and 7.5 compressoi's with both 
suction and dischargt* valves in the cylinder heads. 

V'alrc Dcsiijn. C'umprt'ssor suction and tlischarge valves may be 
classed as eithf'r poppet, riiKj-plafe, or flexing. All operate upon pressure 
differential, and tluM<‘ are many modifications of each class. Typical 
inultiplt' poppet-type suetion valves for a uniflow arrangement are shown 
in I'ig. 7.12. A typical b-in., three-ring ring-plate valve is shown in 
Fig. 7.13. 'Pypical flexing valves for fractional-tonnage compressors are 
shown in F'ig. 7.1 1. On small compresst)rs both the suction and dis- 
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charge valves are usually mounted on valve-plate assemblies that may 
be removed as a unit after the head of the compressor is unbolted. 

7.6. Reciprocating-Compressor Lubrication and Cooling. Lubri- 
cation of early low-speed compressors was simple because intermittent 



Fig. 7.12. Poppet-tj'pe suction valves. Courtesy York Corp., York, P(>niui. 



Fig. 7.13. 6-inch, 3-ring, ring-plate valve. Courtesy 

J. H. H. Voss C’o. 


oiling by the operator was sufficient. Some compressors were lubricated 
by the injection of oil on each stroke at the same time that the suction 
gas was drawn into the compressor. Thus the lubricant served both for 
lubrication of the moving pai'ts as well as for cooling of the compressor. 
These methods are of course completely unsatisfactory for modern high- 









134 


COMPRESSION REFRIGERATION MACHINES 


[§7.6 


speed compressors. Two systems, splash Ivbrication and forced lubrication, 
are common at present. In splash lubrication, \\'ith each rotation of the 
shaft the crank and connecting rod dip into the crankcase oil reservoir 
and thereby splash the lubricant into openings that will allo^\ it to 
work into the moving parts. Large compressors are usually equipped 
with forced lubrication systems involving a separate oil pump to maintain 
circulation. The oil is usually filtered and distributed to the bearings, 
crankshaft, connecting rods, and wrist pins. A typical small unit using 



Fig. 7.14. Various designs of fractional-tonnago compressor flexing valves. Courtesy 

Detroit Stamping Co. 

splash lubrication is shown in Fig. 7.3, and modern compressors using 
forced lubrication with rotary-gear oil pumps attached to the end of the 
crankshaft are shown in Figs. 7.7 and 7.15. 

In a refrigeration system in which the lubricant comes into direct 
contact with the ndrigerant, it is necessary that the lubricant be ns free 
from moisture as f)ossible, posse.ss a very low acidity, not exhibit the 
phenomenon of u /i.r separation upon a lowering of the temperature, and 
po.ssess a ndat ivc b high flash point and a low sulfur content. It should 
also have a pour-pninf t(‘mperature low enough to prevent congealing if 
the oil reac'hes (he low -tem])erature portions of the system and yet be 
al)le to lubri<*ate sm t isfactorily at high temperatures. Thus a highly 
retim'd and propi‘tl\ tii'ated oil must be used. When the refrigerant 
('omc's in e()ntact uiiij tlu* lubricant, refrigeration-compressor operation 
in\'olves some addiiioual problems not normally found in the lubrication 
of ot li(*r e(|uipni( 111 . 

The dcyrcc of .\ttlul>ility of the refrigerant in the oil varies with the 
refrigerant. Vov I'xample, with sulfur dioxide and the Freon refrigerants 
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the solubility is low, whereas with methyl chloride it is cjuite higli (see 
Chapter 5). This solubility gives rise to the phenomenon of oil foaming, 
a term used to describe the release of dissolved refrigerant from the 
lubricating oil upon a sudden drop in crankcase pressure or a sudden rise 
in temperature. When oil foaming occurs, extensive loss of oil from the 



Fig. 7.15. W design water-cooled compressor with forced lubrication. Courtesy 

York C’orp., York, Penna. 

crankcase may take place, with considerable oil being carried with the 
refrigerant into the condenser and eventually into the evaporator. If 
the loss of oil from the crankcase becomes excessive, unsatisfactory 
lubrication may result, as well as oil locking of the evaporator and 
possibly also of the return lines to the compressor. In addition, the 
excess of oil in the evaporator or the condenser decreases the coefficient of 
heat transfer. Even though oil foaming is not encountered, a certain 
amount of lubricant usually reaches the condenser and evaporator and is 
eventually returned by normal means to the compressor. However, if 
it is particularly important that no oil reach the evaporator, an oil 
separator may be installed between the discharge of the compressor and 
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the eoiulenser to collect unci return the lubricunt to the crankcase (see 
Chapter 14). It is evident that the lubricant may be subjected to both 
the low tempc'raturc's of the evaporator as well as the higb temperatures 
at discharge from the compressor, and that for satisfactory operation the 
lubricant must operate satisfactorily over this wide range of temperatures. 

7.7. Reciprocating-Compressor Cooling. Many early compressors 
were cooled by operating with a wet compression cycle (see Chapter 4). 
Despite the slightly higher coefficient of performance of the wet as com- 
pared with the dry compression cycle, the reduced capacity of the com- 
pressor, together with the danger of an excess of liquid refrigerant in the 
clearance spaces, causing compressor damage unless safety heads arc 
used, has practically eliminated this means of cooling in modern 

compressors. 

Large compressors are usually water-cooled ^ with the water jacket 
either cooling the cylinder walls or both the cylinder walls and the com- 
pressor head Modern small compressors are either water-cooled or air- 
cooled, with extended finned surfaces cast on the exterior of the cylinder. 
In a few cases small compressors may be found in which there is no 
att(‘mpt at any purposive cooling other than through transfer from nen- 
finned surfaces to the lower temperature ambient air. A water-cooled 
compressor usually runs lower in temperature than an air-cooled unit, 
but even under the best conditions cylinder cooling removes only a por- 
tion of the superheat of the refrigerant gas. However, whatever super- 
heat is removed from the gas results in some decrease in the work of 
compression as well as a reduction in the load on the condenser. Typical 
water-cooled compressors are shown in Figs. 7.7 and 7.15, and typical 
air-cooled compressors in Figs. 7.3 and 7.11. 


7.8. Rotary Compressors. In recent years rotary compressors, 
usually hermetically sealed, have become quite popular for fractional- 
tonnage refrigeration applications. In general, the design of rotary 
compressors may be divided into two classifications: (1) those in which 
the sealing bladt's rotate with the shaft and (2) those using one or more 
stationary bhules for sealing the suction from the discharge gases. The 
sinyle-hlade rotary compressor (see Fig. 7.10) is the more popular. Here 
an eccentric diiv(‘n rotor revolves within a housing in which the suction 
and (lischarge passagf's are separated by means of a sealing blade. 
When the rotating ecci'ntric first passes this blade and the suction open- 
ing, the (a»mpr(‘ssor suction si)ace is very small. As the eccentric rotates, 
this (*r('sccnt-shap('d spac(‘ becomes increasingly larger and thereby draws 
in a charge of suction gas. W hen the eccentric again passes the blade, 
the gas chai'ge is eut olT from tlie suction inlet, compressed, and dis- 
charg(Ml from th(‘ <*ompn‘ssor. 4'hus tlu' action of compression and suc- 
tion is con t inning at t lu' same t ime, with the compression and the suction 
spaces s(*parat(Ml i)y the sealing blade. 



§7.9] COMPRESSION REFRIGERATION MACHINES 137 

There are many modifications of detail in the design of rotary com- 
pressors, but practically all operate upon the same general principle. 
Rotary compressors have the advantage of being quiet in operation and 
reasonably free from vibration. Refrigerants requiring a reasonably high 
volumetric displacement per ton of refrigeration may be used satisfac- 
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Fig. 7.16. Air-cycle refrigeration unit for Lockheed Constellation. Courtesy Lock- 
heed Aircraft Corp. 


torily with this type of unit. Rotary compressors do not deliver as great 
a volumetric displacement as centrifugal compressors of comparable size, 
but the displacement is usually higher than that of comparable recipro- 

eating compressors. 

7.9. Air-Cycle Refrigeration Equipment. Air-cycle refrigeration 
equipment, as originally developed in the nineteenth century and as used 
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t() some extent up until the 1920’s, is now obsolete. Although stationary 
air compressors and expanders for isentropic air expansion and cooling 
form a workable means of obtaining refrigeration, such a system becomes 
economically impractical in competition with other forms of refrigeration 
(see Chapter (>). During and since World War II, however, application 
has been made of air-cycle refrigeration to aircraft air-conditioning sys- 
tems. Here the power reciuired to operate the system is of small impor- 
tan('e in comparison with the size and weight of the unit. It is a common 
misconception that aircraft flown at high altitudes do not reciuire refriger- 
ation for comfort cooling. In the summer months temperatures ranging 



Fig. 7.17. Ixx'khocd Constollntion air-<‘yolc unit. Cour- 
tesy Ix)ckhoc<l Aircraft Corp. 


from 70 to 85 F are often encountered at altitudes of from 7000 to 10,000 
ft. Moreover, large (luantities of heat are supplied to the cabin air by 
solar ra<liation, elecdrical and mechanical etiuipment, and the occupants 
themselves. There is also an increase in temperature of the moving air 
when it is brought to rest (relative to the airplane) after passing through 
a ventilation scoop or a fuselage opening. This temperature rise is 
approximately ecpial to 0 F at 180 mph, 11 F at 250 mph, 16 F at 300 
mph, and 29 F at 100 mph.* Thus it is evident that even unpressurized 
aircraft require* ret rigeration under some conditions, whereas pressurized- 
cabin aircraft op(‘rating at high altitudes, where the work of compression 
results in an additional air-temperature increase, require even more 
refrig(*ration and for grt'atcM* periods of time. Ground refrigeration is 
re(iuir(‘d fretiiu'nf ly, since considerable time elapses between loading at 
th(* air t(*rminal and tlu* point of take-ofT, during which the planes are 
exposed to ground ambient temperatures. This period may vary from 
5 min lor a two-('ngine transport to as much as 10 or 15 min for a four- 
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engine transport, and unavoidable ground delays may increase it to as 
much as 30 min. 

Several different refrigeration systems have been applied to aircraft 
^vith varying degrees of success. A vapor-compression refrigeration 
system proposed for the Lockheed Constellation^ would weigh approxi- 
mately 58.5 lb per ton of refrigeration. This airplane would require a 

GROUND 

SUPERCHi^RGER NO.I VENTILATION FAN SUPERCHARGER NO. 2 



Fig. 7.18. Cabin air-conditioning system for DC-6 Transport. 

Courtesy Harrington Manufacturing Co. 

10-ton vapor-compression unit with a 17-hp compressor motor and a 5-hp 
motor for the condenser fan. An additional disadvantage would be the 
poor accessibility and removability of the refrigeration system. A diy 
ice (solid-phase carbon dioxide) refrigeration system for the same plane 
would weigh approximately 131 lb per ton of refrigeration at the start of 
a cross-country flight and, after half the flight time had elapsed, approxi- 
mately 88 lb per ton. Maintenance difficulties and poor removability 
would again be undesirable features, and the additional problem of 

handling dry ice would be involved. 

When compared with these two refrigeration systems an atr-cycle 

unit has several inherent advantages. In a pressurized plane, cabin 

superchargers are already required equipment and are needed primari y 

for high-altitude flying when refrigeration is least necessary. Thus at 

intermediate altitudes a portion of the supercharger capacity is available 


* Messinger, Bernard L,., Refrigeration for Air Conditioning Aircraft.” Refnger- 
aling Engineering^ Vol. 51, No. 1 (January, 1946), p. 21. 
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for refrigeration purposes, and the superchargers need not be any larger 
in capacity than when used for pressurization alone. The air-cycle 
refrigeration sy.stem designetl for the Lockheed Constellation and 
actually used in it has a capacity of approximately 10 tons, and the 
weight of the unit with all necessary accessories chargeable to the refriger- 
ation .system is approximately 250 lb. Therefore the weight of the system 
per ton of refrigeration is 25 lb. In addition to low weight, an air-cycle 
refrigeration -system has the advantage that the equipment can be con- 




7.11) !)(-(> .\ir-ry<'lc rofrigeration unit, 

(’onrtc.sy Harrington Manufacturing C’o. 


tained in a single removable unit with oidy air iidet and air outlet con- 
nections. No mechanical or electrical power is required. It can be 
located in an easily accessible part of the plane, refrigerant leakage is 
unimportant, and the unit is easily repairable. 

7.10. Aircraft Air-Cycle Refrigeration Equipment. Figure 7.16 
shows a cutaway sketch of the air-cycle refrigeration unit used in the 
I.ockheed C'onsttdlat ion, and Fig. 7.17 is a photograph of the same 
system. The aii- from the cabin superchorgers is introduced into the 
tif'coruiary cotnpnssor (Fig. 7.1(>) for additional compression, with an 
accompanying rise in air temperature. From here the air passes through 
the secondary infcrcooicr, where a portion of the heat is removed by 
forced convection. 'Flu* air is then introduced into the expansion-cooling 
turbine^ wh(‘n‘ the air is expanded isentropically and the work of expan- 
sion is recov<‘re(l to supply tlie necessary power for the secondary com- 
pressor and the intc'rcooler tans. No adtlitional shaft work is required 
for operation of llu'sc' units, sine(' oidy partial compression occurs in 
the secondary compressor, d'he entire unit weighs 150 lb and is remov- 
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able from the airplane whenever refrigeration is not required. A cabin- 
air by-pass duct and by-pass valve, also shown in Fig. 7.16, is so 
arranged that any proportion of the air may be automatically by-passed, 
dependent upon the cabin cooling demands. 

Figure 7.18 shows schematically the cabin air-conditioning system 
used in the American Airlines DC-6 transports. This unit includes a 



Fig. 7.20 Steam-jet water-eooling system. C'ourtesy Ingersoll-Rand Co. 


steam humidifier to provide sufficient moisture to maintain the desired 
humidity level within the airplane. Figure 7.19 shows the air-cyclc 
refrigeration expansion turbine, fan, and ajtercooler designed for this air- 
plane. Here again the work of the expansion turbine is used to drive an 
axial-flow fan used to draw air through the aftercooler. 

7.11. Steam-Ejector Refrigeration Equipment. Steam-jet refrigera- 
tion systems, the theory of which was described in Chapter 6, have their 
primary application in high-temperature water cooling and air condition- 
ing. They are particularly adapted to air-conditioning systems because 
of the complete safety of water as a refrigerant, their freedom from vibra- 
tion, and their ability to adjust quickly to load variations. The majoi 
disadvantage involves the maintenance of the high vacuums necessary 
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for proper operation. Controls, which were unsatisfactory on early 
equipment, have been improved, and by 1947 there were more than 22 
installations, ranging up to 300 tons capacity, in New York City alone. 
Whether steam-jet refrigeration can be applied to economic advantage 
depends greatly upon the availability of a high-pressure steam source and 
a condensing-water source in large volume and at reasonably low rates. 
In some instances steam-generating equipment may be available and 
unused during the summer months when cooling is desired, or advanta- 
geous off-season district-heating steam rates may be available. Both of 
these factors help to determine the economic feasibility of such a system. 

The performance of steam-jet equipment, when measured by the 
pounds of motive steam required per (hour) (ton of refrigeration), 
improves rapidly with increasing pressure of the available steam. For 
example, in a typical system with a chilled-water temperature of 50 F, 
approximately 44 lb of motive steam is required per (hour) (ton of refrig- 
eration) if the available steam is at 25 psia, approximately 27 lb of motive 
steam at 50 psia, 21 lb at 75 psia, 18 lb at 100 psia, and 16 lb at 150 psia. 
All these figures increase with a lowering of the evaporator chilled-water 
temperature. There is little gain to be realized by increasing the motive 

steam pressure above 100 to 150 psia. 

Figures 7.20 and 7.21 show diagrammatically two typical steam-jet 
water-cooling systems. In addition to the high-pressure steam source, 
consisting of the evaporator, the booster, and the primary condenser, it is 
necessary to provide secondary ejectors and condensers in order to produce 
the initial evacuation of the system during operation. Pumping equip- 
ment is necessary to circulate the chilled water, Avhich serves as both a 
primary and a secondary refrigerant, to the point of the cooling load. 

7,12, Centrifugal Refrigeration. 

operates upon the vapor-compression refrigeration cycle. Unlike the 
reciprocating and rotary machines, it is dependent upon centrifugal orce 
and not positive displacement for compression of the gas. The theory 
of its operation was discussed in §6.5. Centrifugal units are particularly 
well adapted to large-capacity systems (up to 3000 tons), although it i^s 
also possible to secure units as low as 50 tons in rating. Because centn 
ugal units operate best with refrigerants possessing a high speci c vo ume, 
they are frequently used for extremely low-temperature ap^icatior^. 
They are adaptable to a wide range of temperatures from - 130 F to 50 F . 
One important advantage of centrifugal machines is their flexibility un er 
varying loads. Units may be designed to operate at capacities as low 

as 20 per cent of normal load with reasonable efficiency. •. j x 

Centrifugal refrigeration compressors are particularly we sui ® ® 

direct steam-turbine drive because of their high operating si^eds. 1 e 
water-cooling equipment of one manufacturer is designe to e opera e 
between 3500 and 4000 rpm for units developing 1000 to 2000 tons capac- 
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ity and from 7000 to 8000 rpm for units developing 100 to 200 tons 
capacity. However, a great many applications, particularly in the 
smaller sizes, are driven by electric motors. Power may be provided by 
motors of the squirrcl-cage , slip-ring, or synchronous type designed to 
operate at normal speeds but etiuipped with standard gear-type speed 
increasers. In a few applications infernal-combustion engines with gear 
speed increasers have formed the power supply. 


Fig. 7.22. Thrcc-stngc contrifiigal refrigeration unit. Coxirtcsy Carrier Corp. 

7.13. Centrifugal-Refrigeration Equipment. Cutaway views of three 
typi<*al crnlrifugol r(‘frigeration units are shown in Figs. 7.22, 7.23, and 
7.24. Th(^ unit shown in Fig. 7.22 is available in capacities ranging from 
100 to 1200 tons, d'he romfenser, evaporator, compressor, speed increaser, 
and motor are mounted on a single base. Freon-11 is used as the refrig- 
erant, and th(' compressor is d(‘signed with three stages. The condenser 
is e<iuipped with ii fully automatic purge to eliminate air and other non- 
cond<‘nsable gas(\s, and the unit is e(iui|)peti with an economizer to permit 
liquid intercooling and tiu'reby increase the cycle efficiency. 

'fhe unit shown in Fig. 7.23 is similar in design to that described in 
the pre(reding paragraph and has the condenser, evaporator, 7nofor, speed 
increaser, and compressor mounted upon a single base. The upper drum 
is the condenser, the lower drum the evaporator, and the small horizontal 
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Fig. 7.24. Centrifugal refrigeration 


unit for water cooling. Courtesy Irane Co. 
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dram shown between these two is a liquid intercooler used to increase the 
cycle efficiency. This unit is designed with a two-stage compressor and, 
as with the unit shown in Fig. 7.22, incorporates /orce(/-/ecd lubrication. 

The centrifugal system shown in Fig. 7.24 is designed primarily for 
water cooling for air-conditioning and process purposes. It is constructed 
in sizes ranging from 50 to 200 tons. The smaller sizes are provided with 
two stages and the larger units with Jour stages of centrifugal compression, 
in all cases with direct electric-motor drive at 3()00 rpm. Freon-113 is 
used as the refrigerant. The lower drum shown in Fig. 7.24 houses the 
water-cooler coil, eliminator plates, and, in the smaller sizes, the first two 
compression stages. The upper drum houses the third- and fourth-stage 
impellers and the condenser coil. 
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CHAPTER 8 


Fluid Flow and Fleat Transfer 

8.1. Fluid Flow. Refrigeration involves heat transfer, and in most 
cases heat is transferred to or from one or more fluids. Therefore, in order 
to design or select practical, efficient, and economical heat exchangeis, 
fluid pumps, and interconnecting piping, both as separate units and in 
combination in complete systems, a knowledge of the basic fundamentals 
of fluid flow must flrst be acquired. In general there are two types of 
flow: (1) free, natural, or gravity flow and (2) forced flow. Forced flow 
is further subdivided into three classifications; (a) viscous, laminar, or 
streamline flow, (b) turbulent flow, and (c) supersonic flow. Ihe last 

does not occur as yet in common refrigeration work. 

8 2 Gravity Flow. This type of flow is caused by an unbalanced 

difference in density of portions of a fluid that are attempting to find their 
equilibrium level. This unbalance may result from an increase in density 
of an upper portion of the fluid due to chilling or a decrease m density 
of a lower portion of the fluid due to heating. Chilling or heating of the 
fluid occurs from contact with a cool or warm substance. Hence griu ity 
flow is closely related to heat transfer by convection, a subject that n ill 

be discussed in subsequent sections. ■ c • 

A common example of free flow occurs in a refngerator using refrig- 
erated plates or coils suspended from the ceiling. Considerable diaft 
originating from these gravity-air chilling units is often percep ible. 
Natural flow also occurs when fluids of different densities are mixed for 
example when oil and water are brought together or when water flows 
over a surface water cooler (surrounded by and displacing air) in modern 

beverag^botth g^ p^^ ^ flowing fluid is confined within a pipe and 

the flow is caused by mechanical rather than thermal means, the type of 
flow depends upon a dimensionless ratio. 1 h.s expression called the 
Reynolds number because of Osborne Reynold’s references to it in 1883, 

is expressed as 


Re = 


DVp 


( 8 . 1 ) 


. • a- that the critical velocity separating the two 
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When Re is l)ot\vppn these limits, the flow is in an unpredictable transition 
state. A'iscosity vahu's are f 5 iven in the Appendix, Tables A. 13, and 
A. 20, and Figs. A.l, A. 2, and A. 3. 


Example H.l. ITsing Re equal to 2300, find the critical velocities for water, 
saturated Frcon-I2 litiuid, and saturated Freon-12 vapor, each at 40 F in a 
standard 2-in. pij>e. 


F'or water, 


2300 X (1.55 X 0.000072) 
02.4 X 0.172 


0.22 ft per sec 


For F-12 liquid, 

2300 X (0.2S0 X 0.000072) 
«0.1 X 0.172 


0.03 ft per sec 


For F-12 vapor, 


,, 2300 X (0.012 X 0.000072) ^ 

’ = r2ra; 1 7'r = 

[centipoi.ses X 0.000072 = viscosity in lb per (ft)(sec)] 

8.4. Streamline Flow. “Laminar,” “viscous,” and “straightline” 
are synonymous adjectives for this typo of flow. They imply that all 
portions of the fluid move in paths parallel to the confining surface. 
However, this statement is not strictly true when heat is being transferred 
to or from the fluid, since natural convection currents are then created 
within the stream. In such casc.s the flow is classified as nonisothermal 
or as modified laminar flow. 

The average fluid velocity at any cross section of the pipe for viscous 
isothermal flow is one-half the maximum velocity, which occurs in the 
middle of the stream. The velocity gradient across the pipe is parabolic 
with zero velocity at the wall. For nonisothermal flow this parabolic 
velocity distribution is distorted, and probabl^-^ more so for a liquid than 
for a gas. 

The pressure drop for single-phase streamline flow is usually expressed 
by Poiseuill(‘’s formula: 


, 32M/>r „ ^ . X . 


( 8 , 2 ) 


where T is the avtuage velocity in feet per second. The pressure drop 
for streamline flow may also hi* expressed by the Fanning equation: 


I f f I 

A/J 'yjj) 


(8.3) 


with / — K) 'h*(' but only wluMi Re is under 2100. By equating equations 
H.2 and 8.3, the friction hudor / btr streamline flow may be solved and 
iound to e(|ua! \i\ / /\'r. 
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Since viscosity and density are functions of temperature, the proper 
temperature must be selected. When heat is being transferred vith 
streamline flow, McAdams^ recommends that ^ and p be evaluated at an 
average temperature t' defined as 



tw 

4 


(8.4) 


where t = temperature of the main body of fluid 
= temperature of the pipe wall 

8.5. Turbulent Flow. If the flow of a fluid is unobstructed, turbulent 
type of flow occurs when the Reynolds number is above 3100 and at times 
when it is as low as 2300. Turbulent flow is generally preferred oyer 
streamline flow when good heat transfer is an important factor. The 
higher the velocity, the greater the heat transfer but also the pressure 
drop. This means higher pumping costs so that an economic balance 
is involved in a consideration of heat transfer and pumping equipment. 

For isothermal turbulent flow, color-band experiments have indicated 
that turbulence exists only in the main stream, that there is a thin laminar- 
flow section adjacent to the wall, and that a thin buffer zone exists between 
these. The average velocity over a cross section of a pipe with isothermal 
turbulent flow rises from 0.50 to over 0.73 of the maximum velocity as Re 
is increased from 2000 to 3000, then rises to 0.80 of the maximum at Re of 
15,000 and remains at this ratio through Re of 90,000.^ 

The pressure drop for isothermal turbulent flow may be calculated 

from the Fanning equation: 

Ap = Ih per sq ft for L ft (8.3) 

^gJJ 


where / is the friction factor. 

Analysis and tests indicate that this friction factor is a function of the 
Reynolds number and of the “relative roughness” or actual average 

roughness divided by the diameter. 

Values of /for steel and wrought iron pipe are shown in Fig. 8.1. 

For smooth tubes such as copper, brass, glass, etc. the following empir- 
ical equations have been proposed: 
by Stoever,® 

_ 0.0653^ (g 5) 


at Re from 4000 to 1,000,000, 


1 McAdams, W. H., Heat Transmission, 2nd ed. 

Company, Inc., 1942, p. 121. 

2 McAdams, W. H., op. cit., pp. 101-105. 
^Stoever, H. J., Applied Heat Transmission. 

Company, Inc., 1941, p. 114. 


New York: McGraw-Hill Book 


New York: McGraw-Hill Book 
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and !)y McAdams,^ 

/ = 0.0014 + (8.6) 

Jit /I'r from 3000 to 3,000,000. 

information is available on friction factors for nonisothermal 
flow. IIowe\ cr, AIcAtlams recommends that the same equation and / 



Mk- 3.1. I’riction fjictors for tiirhuli'iit flow in stool or wrounlit-iron pipe. From 
Rrfri(/rr(ili ng Duta Book, fifh o(l., I1H3, p. 177. Ainorioan Sooioty of Hofrigornting 
I'aigiiKMM's. 


\ jilues be used but tiuit tlie di'iisity and viscosity 
peraturi* // d(‘t<‘rmined by 


be evaluated at a tem- 




wIkmc / = temperature of the main body of fluid 
(v> = temperature of the pi])e wall 

1 lii'se last two si'ctions have dejilt with single-phase flow. For two- 
or thiee-i)has<‘ flow the pri'ssuie ilrop and heat transfer become more 
in\ol\(‘d. I wo-ph;is(‘ flow occurs in refrij^eration systems when there 
is a si<i;nificjint junount ol oil flowinj;; with the refrigerant. Three-phase 
flow occurs in evaporjilors and condensei-s when oil is mixed with the 
icti iy;(M'anf that is in bolli the liipiid and vapor states. 


* .McAdatns, op. p. I p). 
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Exaj^iple 8.2. Calculate the pressure drop for 33.3 lb per minute of saturated 
liquid F-12 at 40 F flowing in 50 ft of f-in.-O.D. type L copper tubing. 


D = 0.625 - (2 X 0.042) = 0.541 in. = 0.0451 ft 
p = 86.1 lb per cu ft 

/i = 0.286 X 0.000672 = 0.000192 lb per (ft)(sec) 


V = 


Re = 


f = 


Ap = 


cfs 


33.3 


X 


area 86.1 X 60 ' ' tt X (0.0451)2 
0.0451 X 4.04 X 86.1 


= 4.04 ft per sec 


0.000192 

0.0653 


= 81,700 (turbulent flow) 


0.0653 


= 0.00495 


(81,700)0.228 13.2 

4 X 0.00495 X 50 X 86.1 X (4.04)2 
2 X 32.2 X 0.0451 


= 479 psf = 3.32 p.si 


8.6. Heat Transfer. Because this is a basic fundamental subject of 
considerable magnitude, several books have been written on it alone, as 
noted in the bibliography at the end of this chapter. Only the pertinent 
principles applicable to refrigeration will be discussed here. 

Heat is a form of energy, the transfer of which is subject to the first 
and second laws of thermodynamics. All the heat lost from a source or 
sources must equal the heat gained by the receiver or receivers involved. 
When unaided by mechanical or other means, heat flow is always from 
the higher to the lower temperature level. Let us note how these prin- 
ciples apply in a simple refrigeration system. 

Consider a home freezer unit holding food previously frozen. After 
equilibrium conditions are established, all the heat entering the box is 
equal to the heat absorbed by the evaporator. Heat flows from the air 
at about 0 F in the box to the colder evaporator. This heat is eventually 
discharged to the room air at about 80 F, but it is necessary to have a 
compressor in the system to raise the temperature level of the refrigeiant. 
In this way the heat transferred to the refrigerant in the evaporator at a 
temperature below 0 F can later be transferred to the loom air at 80 F 
passing over the condenser. The refrigerant enters the condenser at a 
temperature above 80 F, so that the heat here will flow of its own accord 

to the room air. 

In the above case heat is transferred from 0 F to 80 F, but only through 
the aid of a refrigeration machine that requires external energy to opeiate 
it. In addition, most of this energy used to operate the refrigeration 
machine is also transferred to the room air at the condenser. 

In some instances rapid heat transfer is desired, whereas in others a 
minimum of heat transfer is wanted. Again with reference to the freezer 
unit, if there is a rapid rate of heat transfer through the evaporator and 
through the condenser, there will be a reduction in the amount of heat- 
transfer surface area needed or in the temperature difference between 
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rofrigorant anti air, or in both. Either or both of these reductions would 
mean less equipment size and cost and reduced operating expense. 

On the other hand, a low heat-transfer rate is desired between the 
room and the inside of the box. The better the resistance to heat transfer 
through the walls of the box, the smaller the cooling load. Such a reduc- 
tion also means less cooling equipment retpiired and lower operating costs. 

Essentially, there are three methods of heat transfer, namely, conduc- 
tion, convection, and radiation. This division is made in order to simplify 
analysis. Actually, in many cases these methods are combined. In 
some instances the components can be separated, but in others only the 
combined effect cun be determined. Many unknowns still remain, and 
investigators are continually working in this field to increase the fund of 
basic knowledge. 

In steady heat flow the various temperatures throughout each part 
of the system remain constant during heat transmission. In unsteady 
heat flow these temperatures vary with time, 

8.7. Conduction. In this type of transmission, heat flows from the 
high-temperature region to the low-temperature region of a substance, 
transferring energy to each particle along the path with little or no appar- 
ent movement of the substance. The theory is that the hottest molecules 
of the substance are most active and collide with adjacent ones, imparting 
energy to them, and so on through to the coldest or least active molecules. 
Heat is conducted from the outside surface of a refrigerator wall to the 
cooler inside sui-face. In a plate-type freezer, heat flows by conduction 
from the inside of a piece of meat or other object to the outside and also 
to that part of the surface of the refrigerated plate on which the meat is 
resting. 

The basic law for conduction of heat as presented by Fourier in 1822 
may be expressed mathematically as 


(iQ 

dr 



( 8 . 8 ) 


dQfdr is the instantaneous rate of h(‘at flow, dQ being the amount of heat 
flowing in time' dr through area ,1 taken perpendicular to the direction 
ol heat flow. 'Flu* tlua rual condiudivity of the substance is represented 
by />', and —di dx is the rate of change of temperature ^\^th respect to the 


distance of flow. 

'"J’hti thermal conductivity h is a function of temperature t, but in 

refrigeration a nu'an \'alue of k for the temperature range involved is 

usually used. ^Flten in the <*as(' of stea<lv flow for a constant area A and 

% 

length of path .r, liom point I to poitit 2 equation 8.8 becomes 
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or 


and 





= y) Btu per hr 

X 


(8.9) 


In many refrigeration applications the area A through which heat 
flows is not constant. In pipes or other cylindrical bodies of circular 
cross section the area perpendicular to the heat flow through the wall is 
27rrL/12 sq ft, where r is the radius in inches and L the cylinder length 
in feet. 

From equation (8.8) 

« L 2,rrL/12 


or 


and 



= km{ti - «27r(L/12) 



krniti - M27r(L/12) 



Btu per hr 


( 8 . 10 ) 


In this case k is in Btu (in.) per (hr)(sq ft)(F). 

By equating equations 8.9 and 8.10 with x ~ ri, a value for 
A, the correct mean area to use in equation 8.9 for cylindrical walls, is 

found to be 



A2 — Ai 
log* (A 2 /A 1 ) 


( 8 . 11 ) 


Am is called the log mean area for the outside surface area A 2 and the 
inside surface area A 1 . _ 

An example of unsteady heat flow is that through building structures, 
particularly those on which sun shines. Experimental values have been 
obtained for the rate of heat entering a space at specific hours of the day, 
some of which are given in Chapter 10, Cooling-Load Calculations. 
Development and explanation of the theory and general equations for 
heat conduction in the unsteady state may be found in the references.® 
8.8. Conductors and Insulators. Metalhc substances are good heat 
conductors because of their crystalline structure and the presence of free 
electrons. This structure affords a much easier path for heat flow than 


« Jakob, M., and Hawkins, G. A., Elements of Heat Transfer and I nsulaiion. New 

York: John Wiley & Sons, Inc., 1942. 

McAdams, W. H., op. cii. 
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do the irrofriilur atoms in liquids and amorphous solids and 

tl.p sparsity of molecules in gases. Cork and similar substances are good 
insulators because of their molecular structure and porosity or great 
number of air pockets. Since air is a better insulator than conductor, 
an insulating structure can be made by using several sheets of metal 
separated by air spaces. An advantage of this type of insulation is its 
low heat-storage capacity, making possible quicker temperature changes, 
which are desired for example in test chambers, than mass insulation 
affords. Sawdust, providing more air spaces, is a better insulator than 
wood. Insulation should be kept dry because water is a better heat 
conductor than the air that woidd be displaced by the wetting. 

Desirable properties of low-temperature insulators are low conduc- 
tivity, durability when moistened, ease of application, ability to repel 
vermin, and possible salvage value. To prevent moisture problems, a 
good vapor barrier should be installed on the side having the higher vapor 
pressure. 

A method for calculating the most economical thickness of insulation 
has been proposed by Stone.® 

, . ("A)' - « 


where .r = most e<*onomical thickness 
k = conductivity 

h — cost per yc'ar per inch of insulation 

It = sum of all heat resistances inside the structure aside from the 
insulation 

_ r(/, - f2)df 
“ 288, ()()() 

}' = lunirs of operation per year 

(/i — / 2 ) = over-all tcunperature dilT(*renco 

.1/ = cost of removing 288,000 Htu 

I ^ , I .. interest rate ,, A’ -|- 1 
,, = ^^. + / X 2 X —6^ 

/ = iin'cstmont p<*r (s(i ft) (in.) 

S = expect(‘d life in years 


^vXA^^PLK S.;L Assmne q — = (>3 — 33 = 

)’ = S7()0, S = 15. It = 2, an. I k = 0.33. Then 


30 F, / - $0.12, .1/ - $0.75, 


N700 X 30 X 0.75 

2SS.000 “ ■ 

, 0.12 0.00 15+1 

,. + 0.12 X --- X --T— = O.OllS 
la 2 L> 


,L "('old Storajic lesiiIatiDii Design.” 
Vol. 37, No. -1 (.\pril, l‘)3‘M. pp 220-231. 


Itcfngerating Engineering^ 
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/o.6S X o.asV 
\ 0.0118 / 


(2 X 0.33) = 4.36 - 0.66 = 3.70 in. 


Therefore use 4 in., the nearest commercial thickness. 

8 . 9 . Conductivity. The units for k are usually Btu (in.) or (ft of thick- 
ness or length of path of flow) per (hr) (degree F temperature difference) 
(sq ft area). In using k values, the thickness unit must be noted, since 

all tables are not consistent. 

In this text inches of thickness will be used unless stated otherwise. 
Methods of determining k values by test are described in the literature.^ 
These values vary with temperature, density, and character of the sub- 
stance. Values for granulated cork at 2.3 lb per cubic foot vary from 
0.065 at -328 F to 0.274 at 122 F. At 32 F values for cork vary from 
0.22 at 3 lb to 0.38 at 20 lb per cubic foot. Cork is one of the most 

practical low-temperature insulators. 

The commercial material having about the lowest conductivity value 

of any is silica aerogel, a free-flowing, voluminous solid with 90 per cent 
air by volume. This product has been known since about 1930, but only 
since World War II has it been used as a thermal insulator in home 
freezers and similar applications. Values of k in Btu (in.) per (hi ) (sqft) (F) 
with a density of about 7 lb per cubic foot are given in Table 8.1. 


TABLE 8.1 


Conductivity of Silica Aerogel® 



At the other extreme, at 32 F the conductivity of silver is 2928 and 
that of pure copper is 2712. These metals are the best conductors. For 
some metals the conductivity increases w'ith temperature, and for others 
it decreases. Small changes in the constitutents or internal structure 
of metals affect their conductivity values. A slight trace of arsenic in 
copper reduces the conductivity to one-third that of pure copper.® 


’ Brown, A. I., and Marco, S. M., Introduction to Heat Transfer, New York: 

McGraw-Hill Book Company, Inc., 1942, pp. 10-11. 

® From Ogden, F. F., and White, John F., “The Use Silica Aerogel as a Thermal 

Insulation.” Refrigerating Engineering, Vol. 52, No. 5 (November, 1946), p. 412. 

® Brown, A. I., and Marco, S. M., op. cit., p. 12. 
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\'ahiP3 of thermal conductivity for various solids are given in the Appen- 
dix, Tables A.U, and A. 15. 

Values of /: for li(iuids, vapors, and gases are more difficult to obtain 
bec^ause of the radiation and convection effects. When one portion of 
a fluid is heated, convection currents are created unless heat is applied 
only at the top of the fluid. For licjuids other than mercury, k varies 
from about 0.5 to 5.0 and changes appreciably with temperature. For 
gases and vapors the values lie between O.Od and 0.3. Theory and exper- 
imental proof indicate k for gases to be a function of the viscosity and of 
the number of atoms in each molecule. Ecpiations for determining the 
variation with temperature have been prt»posed.^° When these are not 
applicable, a straight-line variation with temperature may be used with- 
out too much error. Thermal conductivity values for liquids and for 
vapors are given in handbooks. 

8.10. Convection Theory. The motion of the molecules in heat con- 
duction cannot be seen or measureil by ordinary means. In convection, 
heat is transferred by a fluid miiss definitely in motion. Heat energy also 
flows between particles of the moving fluid or between these and a surface. 

Thus convection is influenced bv the laws of fluid flow. Since the fluid 

% 

adjacent to a surface is practically stationary, heat conduction and heat 
storage factors must be considered. To summarize: the shape, dimen- 
sions, tempcM-ature and chara(der of the surface, plus the temperature, 
velocity, viscosity, density, specific heat, thermal conductivity, and 
coefficient of expansion of the fluid, ami the force of gravity may affect 
convection heat transfer. 

Because so many variables are involveil, a mathematical expression 
for heat transfer between a surface and a fluid, like that for the friction 
fa(d,or of a surface, can best be tlevelopetl by an application of dimen- 
sional analysis. Most texts covering convection heat transfer and friction 
thendore d(*scribe principles of this analysis in considerable detail and 
show the d(*\’elopment of tlie basic etiuations for free and for forced con- 
\’ection. A brief (‘xplanation is given in the following section. For 
convection t lu‘ units used forcombictivity will be Htu (ft) per (hr)(sqft)(F). 

8.11. Dimensional Analysis. Several books have been written on 
t his sul)j(M’t alomx It is not lU'w to scientists, but its practical application 
to cngiiu'cring problems is epute rectuit, principally from about 1907. 
The di(T(‘rential etpiations for convective heat transfer are of the most 
diflicnll type', and it was (udy thre)ugh dimensional analysis that more 
>iin])l(' (Mpiations and relat ionsliips were deveU>ped. Dimensional anal- 
ysis makes possibU' tlu' "tla'oiv e>f models,” whereby scale test models 
can Ix' us(m 1 in experiiiu'iits to prealict the performance and improve the 
design of large, expi'usive (aiuipment. 


Itiown. A. I . atni Man-e. S. M.. ,>/j. p. 10. 
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This type of analysis requires care in making complete and correct 
assumptions, and a consistent set of units must always be used. Exper- 
iments are usually necessary to determine values of constants involved 
and thus complete the analysis. However, the relationship between the 
variables can be determined before experimenting. This information 
aids the experimenter in deciding which variables to hold constant and 
reduces the number of separate tests required. 

Applications to convection heat transfer were first made by W. Nusselt, 
who developed the basic equations for forced convection in 1909 and 
for free convection in 1915. 

The first step in the application of dimensional analysis is to tabulate 
the exponents of the dimensions of each of the factors or variables 
involved. The four basic dimensions used are mass, length, time, and 
temperature. Heat may be added if its equivalent mechanical energy 
is included. A general equation including a constant and all the variables 
raised to unknown exponents is set up. The corresponding equation of 
dimensions is written by substituting the corresponding dimension units 
for each variable, retaining the unknown exponents. Equations of the 
sum of the exponents for each dimension unit are then tabulated. These 
last equations are simplified so that all exponents are expressed in terms 
of a minimum of the exponents. Substitution of these exponents is made 
in the first general equation, and the factors are rearranged. 

Let us demonstrate this method to determine the general equation 
for the surface coefficient with forced convection. 


Variable 

Symbol 

Exponents of Units 

Mass 

1 

Length 

Time 

1 

Temperature 

Heat 

Surface coefficient 

he 

0 

-2 

-1 

-1 

1 

Diameter 

D 

0 

1 

0 

0 

0 

Velocity 

V 

0 

1 

-1 

0 

0 

Absolute viscosity 

M 

1 

— 1 

— 1 

0 

0 

Density 

P 

1 

-3 

0 

1 

0 

0 

Specific heat 

Cp 

— 1 

0 

0 

— 1 

1 

Thermal conductivity 

k 

0 

— 1 

— 1 

— 1 

1 


The exponents for he are obtained from another form of the basic 
equation of heat transfer 8.9, in which /^c, the coefficient of heat transfer 
by convection, is substituted for km/x. 


q — hcA{ti — ^ 2 ) 


( 8 . 12 ) 
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The general e<iuation is 

The faetor Eh, the kinetic-energy e<iuivalent of heat, must he added to 
keep the units consistent. Then, substitviting dimension units in the 

general equation, 

For H, I = / + m « 

Por L, — 2 = a + — c — 3/ — w* + 2n 

For 7\ - 1 = -i - ni 

For r, -1 = -6 - c - m - 2n 

For M, 0 = c -h / - f + « 

In order to obtain an ecpuition in terms of common dimensionless 
numbers, the exponents rntist be st)lved, in this case, in terms of / and f. 


a 

b 

e 


/- 1 

/ 

i-f 


/ = / 


n = 


i 

rn 

0 


= 1 

= 1 - f 


and 


or 


*# = - (¥)‘ 


(8.13) 


^rhese and other dimensionless numbers that occur frequently in heat 
transfer work are id(*ntifie(l as follows: 


(/^■) = "’> 

M 

(Nu) = - - 


Reynolds number 


Nusselt number 


(Pr) = 
(Or) = 


1: 


Prandtl number 




Ora.shof number 


8.12. Forced Convection. In order to evaluate the coefficient of heat 
transfer he to use* in the giMU'ral lu'at-transfer eejuation 


7 = h,-.\{fi ~~ f-i) Htu per hr 


( 8 . 12 ) 


and thus to dettuiniiw' tlu* ra 1 (' of h('at flow by eonyection, the constant C 
and the exponents in etiuation S. 13 tleveloped in the preceding section 
must be evaluated. 
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Numerous experiments have been made by many people using various 
fluids under different conditions. From these the value of the exponent 
for the Reynolds number has been established as 0.8, but experimental 
values of the exponent for the Prandtl number vary from 0.3 to 0.4 and 
of C from 0.023 to 0.028 for flow inside tubes. The temperature used 
seems to be a determining factor. The question is, should the variable 
be evaluated at the temperature of the main body of the fluid, at the film 
temperature as defined in equation 8.4 or at some other temperature? 

McAdams summarized the work of many investigators and proposed 
the following equation with certain limitations: 



(8.14) 


When Re exceeds 10,000 and is greater than twice that of water, the 
exponent of Pr should be reduced to 0.333. 

For turbulent flow in horizontal clean pipes, Brown and Marco 
recommend using equation 8.14 for both heating and cooling of all fluids 
except for cooling fluids where Cp^i/k is greater than 10, in which case 
equation 8.15 is to be used. 

Nu = 0.0265(i?e)o»(Pr)‘>-3 (8.15) 

They further recommend that the properties of the fluid be evaluated at 
the temperature of the main body of fluid only when the temperature 
drop across the film is less than 10 F for liquids or less than 100 F for 
gases; otherwise they recommend the use of the estimated mean film 
temperature. 

For forced flow over and perpendicular to banks of plain tubes with 
Re above 2000, McAdams has summarized various test data and recom- 
mends equation 8.16 for both liquids and gases flowing normal to a bank 
of 10 tubes staggered. 

Nu = 0.33 F(Pe)o «(Pr)o-333 ( 8 . 1 G) 


Multiply by 0.8 for tubes in line. F is taken from the following table: 


No. of Tubes 

2 

3 

4 

5 

6 

1 

7 

8 

9 

10 

F 

1 

0.70 

0.82 

0.87 

0.92 

1 

0.94 

0.96 


0.99 

1 .00 


Brown, A. I., and Marco, S. M., op. cit., p. 97. 
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The fouling of the inside of tubes reduces the heat-transfer coefficient. 
C.s bubble^ scale, oxides, grease, and other foreign matter in the pipe 
Lave an appreciable elfect. Roughing the inside pipe surface increases 
nul ulencc and film conductance but also increases pressure drop. The 
!n^ruL,n of turbulators or guide vanes also increases the coefficient and 
the friction resistance. The surface coefficient insade helically wound 
coils may be as much as 20 per cent greater than that in straight pipes 

because of the increased turbulence. , . , 

Amplified forms of equation 8.13 should be used with caution since 

they usually apply to a very limited range of the fluid properties. Empir- 

cal equations for heat-transfer coefficients when the Reynolds number is 

ess than 2100, when flow is in vertical tubes, or for flow over outside 
Surfaces may be found in the literature. These usually apply on y for 
specific cases, and no reliable general expressions have been developed. 

^ The flow of fluids inside tubes or pipes in refrigeration applications, 

except in certain vertical liquid coolers, is usually forced flw' in the tur- 
bukmt region. For flow of fluids over outsiilc surfaces, forced convect on 
is used in some instances and free convection in others. Because of the 
complicated construction of finned tube coils, the outside-surface heat- 
traiiL-r coefficient is most difficult or impossible to calculate. Therefore 
it is usiiallv determined by running a series of tests on a cod or coils anc 
coil performance at other than test conditions is predicted from the test 

results. 

ExAxtri.E 8.4. Calculate the amount of heat flow from a eleaii standard 
2-iii. steel pipe at 8C F to 74 F water flowing at 300 ft per minute inside. 

Solution: 

Evaluating at SO F, 

D = 2.375 — 0.30S — 2.007 in. = 0.172 ft 
V = 300 X 00 = IS.OOO fph 
pi = 2.0H lb per (ft) (hr) 
k = 0.355 lUu (ft) per (br)(sq ft)(F) 
p = ()2.17 lb jicr cu ft 
Cp = 0.99S Btu per lb 

_ 0.172 X 1S,000 X 02.17 ^ ^ 

2.0S 

0.99S X 2.0S 

/>,. = 5.S5 


0.355 


he ^ 0.023 -7-1! (92,r)00)‘> »(5.S5)»-^ = 90S 

0. 1 / 2 


<! 


> r • I c w 

90S(S0 - 74) = 10,S90 Btu per (br)(sq ft of inskle surface) 


8.13. Free Convection. 'I'bc giMioral expression for the heat-transfci 
(Miellicirnl willi natural eunveetion can also he developed with dimensiona 
anaivsis. lUa-ausi' the variables dilTer somewhat, a slightly different 

s 
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expression than that for forced flow is obtained. Since the velocity in 
free flow is due to the buoyancy force, this force acting through a distance 
L is equal to the kinetic energy producing the velocity F, or 



F2 

2 ? 


Then F^ = pg^AtL. 

Using L for D and substituting in equation 8.13 gives the same result 
as development by dimensional analysis, or 



(8.17) 


Tests of free convection with various fluids and surfaces indicate that 
the exponents //2 and i are equal. Equation 8.17 can then be written as 


Tests also indicate that the exponent i depends upon the product of 
Gr X Pr (the fraction in parentheses) and that the constant C depends 
upon the shape and orientation of the surface. Table 8.2 shows values 
obtained for fluids on the outside of heated surfaces but can also be used 
for the cooling of fluids. The variables should be evaluated at the mean 
or average temperature of the surface and of the main body of the fluid. 
(/3 = l/T for perfect gases.) 


TABLE 8.2 

Exponent and Constant Values for Eq. 8.18'2 


g&AtL/^p^Cp _ 

7 = ah^At 

fxk 

<10^ 

10"-10» 

>10* 

Application 

• 

X 

• 

% 

C 

• 

X 

C 

Vertical plates 



0.55 


0.13 

Vertical cylinders 



0.45 


0.11 

Horizontal cylinders 

Horizontal plates facing up* ... . 
Horizontal plates facing down*. . 

Spheres (L radius) 

(V ote: h must not exceed 2) 

<0.25 

0.25 

0.45-0.55 

0.71 

0.35 

0.63 

0.333 

0.11-0.13 

0.17 

i 0.08 

0.15 


* L = Narrowest dimension. 


From Brown, A. I., and Marco, S. M., Introduction to Heat Transfer. New 
York: McGraw-Hill Book Company, Inc., 1942, pp. 113-114. 
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Simplified forms of equation 8.18 can be used for aj^ific fluid in a 
limited temperature range, in which case the value of « will be 

constant. Then 

ft. = (AtIJay (8-19) 

1j 

In the case of vertical sufaces in air at standard pressure and when 
L is less than 2 ft, as with refrigerated plates, Aao.» is about 0.525 at 

F and ^ 

he = 0.29 ft) (5^) (8.20) 

This e(, nation is for convection only. There is also heat transfer to 
the plate bv radiation. An additional point of interest is that the coeffi- 
cient h. is not affected by the presence of another plate more than 1.5 in. 

Condensing and BoiUng. Two important parts of 
refrigeration system are the condenser and the evaporator In these the 
refrigerant is changing state, and theoretical analysis of the process rela- 
i!" to heat transfer is complicated. Although extensive studies and 
experiments have been carried on in this field, the available 
is incomplete and unsatisfactory. Factors influencing h include roug- 
ness, wettability, shape, position and newness of the 

variation, pressure, conductivity, surface tension, viscosity, and density 

of the liciuid and vapor, and the rate of heat flow. 

'Fhere are two types of condensation, dropwise and film, and erther 

„r a combination of both may occur. Dropwise condensirtion 

•ire greater than film-type yalues; but dropwise condensation, which may 

o..cur when the surface is contaminated, is unstable. M.sselt propose 

e(, nation 8.21 which is yalid for film condensation of quiescent yapom. 

( 8 . 21 ) 


my 




where C = 0.043 for vortical surfaces 

C = 0.725 for horizontal tubes _ i . u 

L = heit!:ht for vertical surfaces, diameter for horizontal tubes 

Coefheients for other condensation conditions and for boiling are qui e 
unpredictable and require tests for determination. 

most common n-frigerants range from 100 to 1000 Btu per (h'-)(sq fDfO. 
but no n-liable relation with the yariables inyolyed has been found. i 
best agreement among individual substances has been obtained by plot- 
ting the equation 

ft. = r, -t- (’.!</ 
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where Ci and C 2 are constants 

q = the rate of heat transfer per hour (square foot) 

8.16. Radiation. Heat from the sun is transferred by radiation to 
surfaces on earth, and even through glass into a conditioned space, irre- 
spective of whether heat is being conducted through the glass from the 
space to the outside or from the outside into the space. This phenomenon 
is utilized in the design of solar houses but is often overlooked in the design 
of year-round air-conditioning installations. A system may work satis- 
factorily in summer and in winter but still fail on cool, sunny spring days, 
particularly if there is considerable glass on the south side of the building. 
On such days the solar heat gain plus the internal heat may be greater 
than the heat lost by conduction to the outside, so that cooling is required 
in the south rooms while heating may be needed in the north rooms, 
especially if a north wind is blowing. 

Heat is also radiated from walls and other surfaces to the colder refrig- 
erated plate in a low-temperature space. In fact, all surfaces radiate heat 
to other surfaces “seen” by them and without altering the temperature 
of the intervening air. The higher the surface temperature, the more heat 
radiated, so that the net transfer is always in the direction toward the 
lowest temperature body. 

By means of radiation, ice can be made in atmospheres at tempera- 
tures above 32 F as was done by the ancient Egyptians. If shallow trays 
of water are placed on the ground under a clear sky on a cool evening, 
enough heat will radiate to the colder interstellar space to freeze the water. 

The amount of heat transferred by radiation from a perfect radiator 
is expressed by the Stefan-Boltzmann law, which in equation form is 

q = 0.174 X 10-« X Btu per (hr)(sq ft) (8.23) 

Actually there is no perfect radiator, but the emissivity powers of all 
surfaces are compared with that of the theoretical or so-called black 
body.” The radiant heat absorptivity power of a surface is numerically 
equal to its emissivity power in accordance with Kirchoff's law, derived 
in 1859. Since reflection is the opposite of absorption, the better a surface 

is as a reflector, the poorer it is as a radiator. 

Oxygen, nitrogen, hydrogen, and chlorine do not absorb radiation, 
so that the net heat radiated from surface 1 to surface 2 separated by any 
of these mediums may then be expressed as 

g = 0.174F.F.A [(^)' - (^) ] Btu per hr (8.24) 

where F* = a function of the emissivities of the two surfaces and is 

affected by their configuration. 

Fa = a function of the configuration or orientation, the separating 
distance, and the areas of the surfaces. 
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Fortunately = 1 for the common applications. Values of F. for 
common applications are given in Table 8.3. Emissivity or absorptivity 
factors depend somewhat on the temperature of the surface. Color is 
effective only in the case of very high temperatures or solar radiation. 
It may be of advantage to wear white instead of dark clothing when out 
in the sun but not when inside a hot boiler room. Recent tests indicate 
that the type of dye or coloring matter may be more influential than the 
actual shade or color. Emissivity factors for various surfaces are given 

in hand books. 


TAIU.K 8.3 

Emissivity Fi nctions 

Surfnro Holiitionships 

Fs 

Infiiiito parallel planes or eoinpletely enclosed body, larRc com- 
pared with cnelosing body 

1 

i -hi - 1 

Completely enclosed body, small compared with enelosiiiR body 


Concentric spheres or infinite cylinders (subscript 1 for enclosed 
body) 

i +4^(i - 1 ) 

ei AsVei / 


The hydrocarbons, water vapor, C^Os, SO 2 . HCl, and NH 3 , absorb and 
emit radiation enough to warrant (consideration. The general equation 
for radiant transfer between a givs and a surface is 

q = €,A,{Ia - Is) IHu per hr (8.25) 

lo and Is are intensity factors of the gas and of the surface and depend 
upon the partial pressure of the gas, the length of path in question, and 

the respective temperatures. 

8.16. Combined Heat Transfer. In actual practice the various prin- 
ciples of heat transfer must be combined in order to solve many problems. 
In insulated walls and pipes, convection occurs at the inner and outer 
surfaces, radiation may occur at either or both surfaces, and conduction 
occurs between the surface^ . 

\\'h<‘n heat. is tran,sf(‘rr<'d from a fluid to a surface, through the mate- 
rial, and tin'll from the other surface to the fluid or space on the other side, 
the following eepiations can be developed and applied. 

The general etpiation is 


q = rASf Htu per hr 


(8.26) 
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For a composite wall as shown in Fig. 8.2, 


1_,1 

fi 


(8.27) 


inside and outside surface coefficients accounting for convection 
and radiation 

conductivities of materials 1 and 2 
thicknesses of materials 1 and 2 

conductance of non-homogenous material from surface to 
surface 

heat transmission from surface to surface across an air space by 
conduction, convection, and radiation. 



Fig. 8.2. Composite wall section. 


The inside-surface area involved is substituted for A, and is the 
difference between inside and outside air temperatures. 

The surface temperature when desired may be calculated by first 
calculating the rate of heat transfer q from the air on one side of the wall 
to the air on the other side of the wall. Then using this q and the same 
area in equation 8.28 solve for tg. 

q = fA(tx — Q Btu per hr (8.28) 

t\ is the temperature of the adjacent air, and/ is the surface coefficient, 

which is 1.65 for still air, as in Example 8.5(a). 

When equation 8.26 is applied to a section of an insulated pipe as 

shown in Fig. 8.3, 

U = T T (8-29) 

he ki /C2 fo 

The log mean area (see equation 8.11), must be substituted for A. 
At is the temperature difference between the fluid inside and the fluid 

outside. 


where 

fi. fo = 

ki, ki = 
Xi, Xi = 

C = 

a — 
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In the case of a heat exchanger where the temperature of one or both 
of the fluids varies from inlet to outlet, M should be the log mean tern- 



Fij?- S.3. pipe section. 

perature dilTerenee if the entire unit is under eonsideration. 
trated in Fig. 8.4 this would he 

A/, - A/2 

A/i 


As illus- 


A/„. = 


(8.30) 


h)g^ 


Mi 


Since counterflow 
flow, the former s 


of the fluids will produce a greater A/m than parallel 
hould always be used for economic reasons if practical. 



FiK. 8.4. Double-pipe heat exchanger, 

FNamci.k n. 5. (a) (’(insider a refrigerated space kept at 0 F. The walls are 

of (>-in. cork witli J-in. (-einent plaster on each side. The temperature outsiae 
the box is SO F. Determine the rate of heat gain through the wall and the insitle 
wall temperature if*/. = l.Oo. 




Ltif) 





1 

O.tUhi + t).042 + 22.222 


-h 0.042 + 0.006 
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U = 0.043 

q = 0.043 X 1 X (80 — 0) = 3.44 Btu per (hr)(sq ft) 
q = fiA{t, — ti) 

3.44 = 1.65 X 1 X (L - 0) 

U = 2.08 F 

(b) Calculate the theoretical surface heat transfer for a 1 2-in. vertical refriger- 
ated plate with a surface temperature of — 15 F located in the room, e = 0.9 for 
enamel on metal. 


h = he hr 

[ 00 — ( — 15 ^ 

^ J = 0.29 X 1.97 = 0.57 


qr = 0.174 X 1 X 0.9[(4.617)^ - (4.440)^1 = 10.02 
, Qr 10.02 „ _ 

h = 0.57 + 0.59 = 1.16 Btu per (hr)(sq ft)(F) 


8.17. Series and Parallel Heat Conduction. In practical applications 
of heat conduction the heat may flow through the substances involved 
by series or parallel paths or by a combination of both. An analysis of 
heat conduction in this respect is similar to that for the conduction of 
electricity through series and parallel circuits. In a series heat-flow path, 
the heat resistances of the materials involved are additive, or 


Rt — Ri "b "f" Rz • • • 


(8.31) 


Since conductance is the reciprocal of resistance, 


or for area A, 



(8.32) 

(8.33) 


When heat is conducted through parallel paths, 
additive, or 



Cl 4 - C2 + C3 • • • 


the conductances are 


(8.34) 


For an area A consisting of Ai + A 2 + A 3 • * 



• • 


(8.35) 


If Ct is desired on a per unit area basis, Ai, A 2 , A 3 , and so on, are taken 
as percentages of the total area and expressed as decimals in equation 
8.35. The above principles are applied in the following example. 

Example 8.6. Calculate the over-all coefficient U for a double metal wall 
separated by pine 2 X 4^s placed 12 in. on centers if the space between the 
2 X 4*s contains a fill-type insulation having a conductivity of 0.3. 
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Solution. Ne'^lpctiiij; the resistance of the metal in this the con- 

ductance from the hiside metal surface to' the outside metal surfac^ 


C = 




n .3 X 10.375/12 


V 


A~ 1 .A 1 

X-. 

O.sx 1.02.5 12 

3.025 3.»V25 

0.029X A- 0.0715 = 0.1013 Btu per (hr)(sq ft)(F); 

1 _ 1 _ 

I 


7 , ^ c"^ 'h 


I 




I 


= 0.0005 Htu per (hr)(sq ft)(F) 


A- 


1.05 0.1013 1.05 


Sc-ions tl.oviKht should be given to the type of material used for sep- 
aration of the inner and outer shell ami for the door edges on low-tem- 
perature structures. If high-eonduetivity materials such as metals are 
I.sed ..ondensation may oeeur on the warm side where the separators or 
.1,, or edges come in contact with it. Heat will be conducted so rapidly 
that the surface at such places may be below the dew point of the adjacent 

air. 
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PROBLEMS 

8.1. CidrnlMte the velocity for saturated ammonia vapor at 40 ^ 

pipe for a Ueyimlds numl>er of 2300. Use Schedule 40 steel pipe, Table A.2L 

8.2. Calcuhde the measure drop in 100 ft of 2-in. steel pipe for saturatwl 
ammonia vaimr at -U) !' if the velocity is (a) 0.47 ft per second, (b) 47 ft per second. 
Use Scheilule 40 steel pipe, 'Fable A. 21. 

8.3. (a) Calculate the pressure drop of 40 F saturated Freon-12 vapor AowinR 

lhrouj::h 100 ft of 2j-in.-t).D. copper inpe from a 10-ton evaporator. Liquid 
rt'fri^erant entfus the expansion valve at SO I', (b) Calculate the pressure rop 

lor tlu^ saiiM* uoiMlitioiis oxcopt for 0 V saturated K-Ti vapoi\ (c) Calculate _ c 
pif'ssuiv dmp for tlie same lamditions as in (a) but for l^-in.-O.D. pipe. se 
'Fype I. pipe, 'Falile 12.2. 

8.4. 1 >('teiinine the Btu per hour heat loss from 100 ft of 2'^in.-O.D. copper 
l)ipe insulat(‘d with i in. of hair felt if the room temperature is 100 F and the 
exterior surface of the pipe i.s at 40 F. 
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8.6. Calculate the rate of heat loss to the brine from a 1^-in. steel pipe 
carrying a 25 per cent calcium chloride brine at 8 F if the pipe is at 12 F and tlie 
velocity is 300 fpm. Brine k is 0.285 Btu (ft) per (lir) (sq ft)(F) ; use Schedule 40 
pipe, Table A.21, 

8.6. (a) What is the rate of heat flow by convection from a 1-J-in. steel pipe 
at 12 F in air at 26 F? (b) What is the rate of heat flow by radiation if the 
surrounding walls of the large room in which the pipe is located are 32 F? 
Emissivity of the pipe is 0.63. Pipe is vertical. Use Schedule 40 pipe, Table 
A.21. 

8 . 7 . Calculate the heat loss from a l-J-in. steel pipe insulated with 2 in. of 
cork if the inside film coefficient is 900, the inside fluid temperature is 8 F, the 
surrounding outside temperature is 26 F, and the outside film coefficient is 1.5. 
k for the pipe is 310. Use Schedule 40 pipe, Table A.21. 

8.8. Calculate the total heat transfer from the top and bottom of a 36 X 12-in. 
horizontal plate at 20 F in a room at 40 F. € = 0.9. 

8 . 9 . How much heat-transfer surface area is required for a double-pipe heat 
exchanger that is to cool liquid F-12 from 80 F to 75 F by the saturated vapor 
leaving a 10-ton evaporator at 40 F? {U = 100.) Use counterflow; vapor Cp is 
0.148. 

8 . 10 . Calculate the over-all coefficient of heat transfer for a double metal 
wall separated 2^ in. by wood spacers l^- X 2% in., 16 in. on centers, if the 
remainder of the space is filled with glass wool at 2.5 lb per cubic foot. Neglect 
the thermal resistance of the metal. Use Douglas Fir. 

8 . 11 . (a) Determine the outside surface temperature opposite the wood in 
Problem 8.10 if the inside still-air temperature is 0 F and the outside still-air 
temperature is 80 F. (b) Determine the outside surface temperature opposite 
the glass wool for the same conditions. 

8.12. Calculate U for an outside wall constructed of 8 in. of concrete, 3 in. of 
corkboard, and ^ in. of cement plaster. Mean temperature is 35 F. 

8 . 13 . (a) Calculate U for a roof of slate, 1 in. wood sheathing, 2 X 4-in. 
rafter 18 in. on centers, and 4 in. of commercial-grade glass wool. A ^-in. thick 
insulating board is under the rafters, (b) What is U if 6 in. of glass wool is 
used with 2 X 6-in. rafters? Wood is yellow pine with density of 26 lb per cu ft. 
Actual wood dimensions: 1 in. = ■§■§ in., 2 in. = 1^ in., 4 in. = 3|^ in., 6 in. = in. 

8 . 14 . (a) Calculate U for an inside self-supporting partition consisting of 

in. of cement plaster, 2 in. of corkboard, another -g- in. of cement plaster, 

another 2 in. of corkboard, and then another ^ in. of plaster, (b) Determine U 
if 3 in. of corkboard is substituted for one of the 2-in. sections, (c) Determine 
U if 3 in. of corkboard is substituted for both 2-in. sections. Mean temperature 
is 35 F. 

8.16. (a) A cabinet wall is made of two sheets of 0.04-in. thick galvanized 
iron separated by 3 X -g-in. steel channel irons placed every 12 in. Calculate 
U if the 3-in. space is filled with commercial glass wool, (b) Calculate U if 
1 X 3-in. pine spacers are substituted for the channel irons. Neglect effect of 
channel iron flanges; steel k = 310. Wood spacers are full 1 in. X 3 in., wood k 
= 0.84. 

8 . 16 . Calculate the outside surface temperature opposite the channel irons 
in Problem 8.15(a) if the outside air temperature is 80 F and the temperature 

inside the cabinet is 0 F. 

8 . 17 . (a) Calculate U for a partition consisting of i-in. plaster on each side 
of If X 3f-in. pine studs 12 in. on centers and with the S-^-in. wide space 
between the studs filled with sawdust, (b) Calculate U if the studs are 18 in. 
on centers, k for pine = 0.84; k for plaster = 3.3. 



CHAPTER 9 


Psychrometrics 

9 1 Sienificance. “ Psychrometric” literally moans “pertaining to 
the measurement of eoUl,” but in modern usage it relers to the state of the 
atmosphere with referenee to moisture. The earths atmosphere— 
tlie air we breathe and the air in most refrigerated spaces— is mainly a 
mixture of drv air and water vapor. Of course in special cases other g^es 
n V pors might also be present. Hut generally speaking, m refrigeration 
applications the atmosphere is considered a mixture of dry air and water 

'""’rithoiigh t he relative amount of water vapor in the atmosphere is very 
-anall (about 0.08 per cent by weight at 0 F saturated and 0"'^ p®^ 

cent at 70 F saturated), variations in this amount as ^ 
temperature are ^•erv significant and important in air conditioning. Re 
ative to human comfort, there is much truth in the common expression 
“ It’s not the heat, it’s the humidity.’’ Humidity means the amount of 

wutcr Viipor within u givon spivco. . 

In many instances humiciity control is vor>' important^ Poor register 

is often noticed in colored printing, particularly m the Sunday comes, 

a<lja<-ent colors overlap or <lo not meet . A change m " 

ity between the printing of the ililTerent coloi-s probably was the cause 

Sice Paper shrinks and stretches as the humidity ehanges. In a meat 
cooler, too low a humidity can cause shrinkage, or drying wh^c 

im-aiis a loss of product and less income to the owner. (In the other hand 
,„o high a humidity promotes a growth of mold and possible spoilage of 
the prod.u t Therefore it should be evident that a study of psychrom- 
etry, including the properties of air-vapor mixtures and their measure- 

ment and control, is important in air conditioning. 

9.2. Definitions. Before proceeding, lot us define some of the expres- 
sions used with r('fer(mce to air-vapor mixtures. The following are taken 
from the Ilnifimj Vuifilathio Air ComUtioning GuidcA 

Drg-hulh U miuralur<—Tho temperature of a gas or mixture of gases indicated 
hy an accurate thermometer after eorreetion for radiation. 

Wet-huU) /rm/anz/arr— Thermodynamic wet-hulh temperature is the ^ 
aturo at wliieh liipiid or solid water, hy evaporating into air, can bring the air 
saturation ndiahatically at the same temperature, ^\et^bulb tempe 


' livnting VentHuting Air ('onditionitig Guide, 19-18. 
and Vf'utilating lOngineers, New York, ('hapter 1. 
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(w-ithout qualification) is the temperature indicated by a wet-bulb psychrometer 
constructed and used according to specifications. 

Dew poiyit temperature — The temperature at which the condensation of water 
vapor in a space begins for a given state of humidity and pressure as the temper- 
ature of the vapor is reduced. The temperature corresponding to saturation 
(100% relative humidity) for a given absolute humidity at constant pressure. 

Relative humidity The ratio of the actual partial pressure of the water vapor 
in a space to the saturation pressure of pure water at the same temperature. 

Humidity ratio — In a niixture of water vapor and air, the weight of water 
vapor per pound of dry air. Also called Specific Humidity. 

Absolute humidity — The weight of water vapor per unit volume, pounds per 
cubic foot or grams per cubic centimeter. 

Saturated air — A mixture of dry air and saturated water vapor, all at the 
same dry-bulb temperature. 

Per cent saturation The ratio of the weight of a given volume of water 

vapor to the weight of an equal volume of saturated water vapor at the same 
temperature. 

Psychrometer — An instrument for ascertaining the humidity or hygrometric 
state of the atmosphere. 

i 9.3. Properties of Air-Vapor Mixtures. Atmospheric air has prop- 
erties like those of its separate constituents. The ones of greatest 
interest for a given specific mixture in air conditioning include pressure, 
temperature, volume, density, ratio of water to air quantity, and enthalpy. 
The pressure, temperature, and volume, or density, of a vapor are inter- 
dependent. As learned in thermodynamics, this relationship for a perfect 
gas can be expressed by the perfect-gas equation, namely, 

pV = WRT, or p = pRT, or pv = RT (9.1) 

Actually, there is no perfect gas, but many of the commonly used 
gases approach the ideal. The perfect-gas equation can be applied in 
solving most problems involving air and many gases. When greater 
accuracy is required, as in calculating values for moist-air tables, an 
expanded form of the following equation has been proposed:^ 

pv = RT - A{T)p (9.2) 

where A{T) = an involved coefficient expressed as a function of absolute 

temperature and taking into account the intermolecular 
forces 

Vapors do not follow the perfect-gas laws, and the perfect-gas equa- 
tion cannot be applied to them. This is the main distinction between a 
vapor and a gas. For this reason tables or charts must be used to deter- 
mine the properties of vapors such as steam and the common refrigerants. 
However, under certain extreme conditions some vapors come near to 


* Goff, John A., and Gratch, S., “Thermodynamic Properties of Moist Air.” 
Heating^ Piping and Air Conditioning: ASHVE Journal Section, Vol. 17, p. 334 
(June, 1945), 
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- . +v»r.n tho Cdiiation can be used w'ith fair 

boin. perfect .asos^and Jhon the^gas c ^ 

accuracy. 1 oi • * I pressures can be treated as a gas with small 

heated t he atmosphere in refrigeration work is usually 

crroi. ihe\w 1 Therefore, for normal accuracy 

be appLl to both the moisture and the dry 

9 ^' Prltsure!'%'^”^ law Ttat^^ that the pressure of a mixture 
of gases is eipial to the sum of the partial pressures of each constituent 

l^U^t eac consUtiientw^^^^ 

v;::::;::^ ;:::s';ire on.^P— eiy eo^ 

by"applying the proper basic e.piation and using values from the modern 

^^''scna-ral e.iuations for <-alculat.ing the partial pressure of the water 
vapor in the iir have been proposed. 1 tr. farrier's equation presented 
in Uin, is probaldy most widely used in ordinary problems when charts 

arc not available:^ 


{p p,rh){f<ih 

Pn = Puh "2800 — X.Ztub 


(9.3) 


^^dlen ^•ahles from the latest steam tables are used, the constants 
change slightlj'' so that 

(P — Puh)U<lh — /«■•<>) 


pii - Pxib 2830 1.-14/„.6 


(9.4) 


At temperatures below 32 V this equation applies 
tines of and vapor pressures over supercooled \«itei. ^ot pa P 

siires of water vapor over ice the denominator f 

and must be tlie partial pressure ol vapor over ice at U.,, the temp 

tiirc of an ic<Ml \\('t bulb. i i. 

The partial pressure of the <lry air is taken as the 
the total or barometric pressure and the partial pressure of the uat 

' ‘'’ 9 . 6 . Volume and Density, ^^lhlme of a gas or mixture refers to the 
space occupied bv a giv. ii quantity. Density usually meims "'eight Per 
unit ^ olume. In air-conditioning work additional relationships are foun ^ 
useful, such as weight of water vapor in an air-vapor mixtuie per uni 
wei.d.t of drv air in the mixture. 'Phis relationship at times has been 
calleil ■Inunidity ratio," "specific humidity," and “absolute humidity. 


M'anifi, W. U , “UntittMul Psyolwonu 

VdI. :i:.< {lull), p. 100'). 


'tru* Kornuilao.” Transactions A.S.M.h., 
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The American Society of Heating and Ventilating Engineers is attempting 
to standardize on humidity ratio. The weight of water vapor is often 
expressed in grains (7000 grains = 1 lb) and the weight of dry air in 
pounds. Another useful relationship is the cubic feet of mixture per 
pound of dry air. 

Note that in these last two expressions the reference factor is pounds of 
dry air. This reference makes these properties useful in air-conditioning 
problems because the total weight of dry air entering an air-conditioning 
unit in a given time is the same as the weight of dry air leaving the unit 
in the same time. The rate of flow of the air-vapor mixture, normally 
expressed in pounds per hour, into the unit would not be the same as the 
rate of mixture flow out of the unit if any moisture were added to or 
removed from the mixture within the unit. Becau.se of a change in den- 
sity, the cubic feet per minute of dry air and of the mixture on leaving a 
unit may be different from the cubic feet per minute of either on entering 
the unit. But the pounds of dry air entering and leaving in a given time 
always remain the same after steady-flow conditions are established. 

9.6. Temperature. Three different temperatures are used when 
referring to an air-vapor mixture, namely, dry-bulb, wet-bulb, and dew- 
point temperatures. The dry-bulb temperature is usually measured with 
a common thermometer or thermocouple. The wet-bulb temperature 
is measured with a common thermometer or thermocouple having the 
bulb or junction completely covered by a water-moistened cloth or wick. 
Moisture evaporates from the wick into the surrounding air, and before 
equilibrium is reached, a portion of the heat used is taken from the 
thermometer bulb or thermocouple wires, as the case may be, thus lower- 
ing the temperature indicated below the indicated dry-bulb temperature. 
The drier the surrounding air, the greater the rate of evaporation and the 
lower the wet-bulb temperature indicated. 

As moisture from the wet bulb evaporates, the air surrounding the 
bulb becomes more humid, causing the rate of evaporation to decrease 
and the indicated wet-bulb temperature to rise. Therefore, in order to 
measure the wet-bulb temperature of air in a given space, a continuous 
sample of this air must pass around the wet bulb. Tests have been con- 
ducted to determine the effect of varying air velocities over thermocouple 
and thermometer wet bulbs. ^ These indicate that velocities from 500 to 
1000 fpm give a minimum error for the conventional-size thermometer bulb 
at temperatures from 20 to 60 F. The temperatures of near-by surfaces 
can affect the wet bulb reading due to radiation, and varying air velocities 
also influence this effect. Furthermore, the size of the wet bulb is signif- 
icant in that the smaller the diameter, the lower the air velocity required. 
Thus, obtaining an accurate wet-bulb reading can become rather com- 

* WUe, D. D., *‘Psychrometry in the Frost Zone.” Refrigerating Engineering, 
Vol. 48, No. 4 (October, 1944), p- 291. 
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plioated. The application of the reading determines the accuracy 
required. Soft fine-mesh cotton tubing is recommended for a jv.ck; .t 
should cover the bulb plus about an inch of the stem. 1 he rv>ck should 
be watched and replaced before it becomes dirty or crusty. Lsing dis- 
tilled water is recommended to give greater accuracy longer. 

The dew-point temperature is the temperature of an air-vapor mixture 

at which moisture will start to condense out of the air as the air is cooled; 
or it is the temperature of a surface just as condensate starts to collect 
on the surface when the surface is being cooled. In other ords, it is the 
saturation temperature of water at the partial pressure of the water vapor 
in the air-vapor mixture. Therefore, if the partial pressure of the vapor 
is known, the dew point can be determined directly from steam tables. 
If the dry-bulb and wet-bulb temperatures are known, the partial pressure 
can be found from equation 9.4. Also, the dew-point temperature can 
be found on a psychrometric chart by reading the tempcratuie wheie a 
constant moisture line from the dry-bulb and wet-bulb point intersects 

The terms “wet-bulb depression” and “dew-point depression are 
often used. The first refers to the dilTerencc in degrees l-ahrenheit 
between the drv-biilb temperature and the wet-bulb temperature, bimi- 
larly, the second refers to the difference between the dry-bulb and dew- 
point temperatures. , 

9.7. Humidity. The student of air conditioning should learn the 

dilTerence between relative humidity and per cent, saturation (see §9.2). 
Hy definition, relative humidity is expressed as 


//« = 


_ Vu 


(9.5) 


where p„ = actual partial pressure of the water vapor , , ,, , 

p. = saturation pressure of water vapor at the dry-bulb tern- 

jK'raluro 

Per cent saturation is expressed as 

(9.6) 


<t> — 




where Wn = huiniditv ratio 

= huini<lity ratio at saturation at the dry-bulb temperature 
Th(‘ ridationship between the two can be expressed as 


0 == 


= AP - i>‘\ X //« 


(9.7) 


(p - Ph) 


where p = tcttal barometric pressure 

By :i]>plyinj!; Dalton’s law and the perfect-Ras law and negle<.‘tmg tie 

interinoleeidar forces, an expression for calculating the ratio of watei 

vapor to dry air in the atmosphere can be derived as follows: 
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But 


R,,T 85.6T 


V — 


JV^aR^aT Wja X 53.3 X T 


Pdt 


Pda 


or 


Wu^ _ pH X 53.3 X T ^ Q ^^22 EJL 


B 


w 


and 


w 


{la 


Pda X 85.0 X T 


P<ia 


_ O.G22p// ^vater vapor per pound of dry air 

p - pit 

^ 4354pff gj-ains water vapor per pound of dry air 
P^Ph 


(9.8) 


(9.9) 


where the subscripts used are 

H and w for water vapor 
da for dry air 

9.8. Heat Content. In dealing with gases, vapors, and air-vapor 
mixtures the expression enthalpy is often used as indicative of the heat 
content, since heat transferred at constant pressure equals enthalpy 
change. Most air-conditioning processes are practically at constant 
pressure. The enthalpy of an air-vapor mixture is equal to the enthalpy 
of the dry air plus the enthalpy of the water vapor, taken in proportion 
to the weight of each present. For convenience in air-conditioning prob- 
lems this enthalpy is expressed as Btu of mixture per pound of dry air. 
Of course values of heat content are not absolute, nor do they indicate 
the total heat energy involved. The various expressions for heat content 
merely indicate the difference in heat energy between a fixed datum or 
reference condition and the condition under consideration. The datum 
generally taken for steam and water properties is that for saturated liquid 
at 32 F. The datum for dry air is 0 F and standard atmospheric pressure. 

The enthalpy of an air-vapor mixture can be calculated from the 

following equation: 

h = Cptdb y^ithv (9.10) 

where K = K at dew-point temperature + 0.45 (U - (dp) or, approx- 
imately, hv = 1061 4- 0A44tdb, based on the latest steam tables. Also 

tdb = dry-bulb temperature 
tdp = dew-point temperature 

Therefore, without using a steam table, enthalpy can be calculated 
approximately from 
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h = Cpt.ib + u?//(10Gl + 0.444 X tdb) (9.11) 

Enthalpy values at standard pressure only are given in the table of 
moist-air properties (A. 18) in the Appendix. Using this table, to deter- 
mine the enthalpy of a partly saturated mixture at 29.92 in. of mercury 
the following equation can be applied at temperatures below 150 F: 


h = ha <t>has 


( 9 . 12 ) 


where //„ and has are taken from Table A. 18. 

Etiuations 9.10, 9.11, and 9.12 may be applied at temperatures below 
freezing as well as above 32 F. The amount ol heat transferred to or from 
air at constant pressure, the process applicable in most cases, is equal to 
the difference in enthalpies at the initial and final conditions. 


Other terms for heat content have been formulated that are said to 
save time and eliminate confusion with some sacrifice in accuracy. One 
of these expressions is called folol heat and defined by the following 
e< pi at ion: 


'1 .11 , Cptfcb d” 


( 9 . 13 ) 


where hvb = wet-bulb temperature 

wiiub = humidity ratio of saturated air at the wet-bulb temperature 
enthalpy of saturated steam at the wet-bulb temperature 
This e(piation applies above and below freezing. Another expression 
called siyma heat content is defined as follows: 


U'llh/trb 

h^ C ptxtb I ^^^Itu'bhfgicb 


( 9 . 14 ) 

( 9 . 15 ) 


where hf„.b = approximately (/„.h — 32) 

hfuub = approximately (1093 — 0.55(1/,^*) 

1 hes(‘ last two ecpiations also apply abt)ve and below freezing but only 
for vapor over water. l*or vapor over ice the following equations apply: 


or 


Avhere 


i^h Qxrb 


h^ 

h^ 

h I I) 
h » iih ) 


h — tetih,„h 

CjJu'b i 11 irbi.h xitrh ~~ ^^nr/>) 

approximately (0.48/,,. ft — 159) 
approximately (1220 — 0.030/^) 


( 9 . 16 ) 

( 9 . 17 ) 


Note that in e(|uations 9.13, 9.15, and 9.17 the heat content is a func- 
tion of th(‘ w('l-bulb (empiMature. For this reason many psychrometric 
chaits indicatt' total laait or sigma heat content values opposite the lines 
of constant wef-l>ull> tiunperature. 

Also nof(‘ that at saturation, when the dry-bulb and the wet-bulb 
t<‘mpeiatUM's ar<‘ lh(‘ same, the total lieat and the enthalpy values are the 
same. 1 he sigma heat ctintent is equal to this same value minus the heat 


§ 9 . 9 ] 


PSYCHROMETRICS 


179 


of liquid of the moisture present. Or, as indicated by equations 9.14 and 
9.10, the sigma heat content is always equal to the enthalpy value minus 
the heat of liquid at the wet-bulb temperature. 

To summarize the comparison of these throe heat content expressions, 
the dilTerence in enthalpies indicates the actual amount of heat added or 
taken away at constant pressure, but lines of constant enthalpy on a 
psychrometric chart would onlj^ add confusion. Lines of constant total 
heat parallel the wet-bulb lines, but dilTerences in total heats are not true 
indications of the amount of heat added or removed. Total heat values 
do not differ greatly from enthalpy values at high relative humidities, but 
there is no simple relationship between them. Lines of constant sigma 
heat contents parallel the wet-bulb lines. Differences in sigma heat 



Fig. 9.1. Sling psychroinetor witli 10 in. thermoinptcr.s. Courtesy Taylor In.stru- 

inent C'o. 


contents are not true indications of the amount of heat exchanged, but 
there is a simple difference between enthalpy and sigma heat content. 

9.9. Psychrometers. Numerous types of instruments are made tor 
measuring psychrometric properties of air. The most commonly used 
types employ two thermometers, one dry-bulb and one wet-bulb. As 
previously stated, a wet bulb in still air will give an erroneous reading. 
This reading Avill be 10 to 20 per cent of the wet-bulb depression below 
the temperature of adiabatic saturation for a radiation-shielded wet bulb, 
and it will be 10 to 20 per cent of the wet-bulb depression above the tem- 
perature of adiabatic saturation if unshielded. The error is about 18 per 
cent of the Avet-bulb depression at 60 F. Radiation to and from surfaces 
having temperatures considerably different from that of the air sample 
should be avoided. The sling psychrometer, a common type of which 
is shovTi in Fig. 9.1, is the type most generally used, especially for 
checking conditions on the job. The instrument is rotated by hand to 
get air movement across the bulbs. The same effect can be accomplished 
with stationary bulbs by drawing air across the bulbs Avith a hand- 
operated aspirator (see Fig. 9.2) or by a small bloAA^er like those used in 
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Fig. y.2. Aispiratioii psychroinetcT. Courtesy FrieiJ Instrument Division, Hendix Aviation Corp. 
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portable hair driers. The latter type requires less work from the operator 
but needs a source of electricity. 

Many humidity-control instruments and indicators employ human 
hairs, which are sensitive to relative humidity but must be kept clean and 
in calibration. Certain other hygroscopic materials are sometimes used 
to indicate or control relative humidity. 

One of the most accurate types of psychrometric instruments measures 
the dew-point temperature.* A thin plate of highly polished metal is used 
with a controlled cooling fluid flow ing behind it and a thermocouple fast- 
ened just behind the polished surface. As the fluid temperature is low^- 
ered and raised, the polished surface is observed with a long-focus 
microscope. The plate temperatures are recorded when moisture just 
appears and disappears on the plate as the air sample passes over it. 
These readings are averaged to obtain the dew^-point temperature. 


Example 9.1. The following are applications of the preceding basic infor- 
mation to specific problems. 

(a) A sling psychrometer gives readings of 80 F dry bulb and 67 F wet 
bulb. Calculate the relative humidity indicated if the barometer is 29.92 in. Hg. 

From the steam tables, saturation pressure at 80 F = 1.0323 and at 67 F = 
0.6668 in. Hg. Using Eq. 9.4, 



= 0.6668 


(p fic6) 

2830 - 1.44^,^ 

(29.92 - 0.67) (80 - 67) 
2830 - 1.44 X 67 


= 0.6668 - 0.1392 = 0.5276 in. Hg 

Using equation 9.5, 



0.5276 

1.0323 


51 % relative humidity 




Calculate the per cent saturation. 
Using equation 9.7, 



(P - P.) rr 

(P - pa) " 
(29.92 - 1.03) 
(29.92 - 0.53) 


X 0.51 = 50.1% saturation 


Dew-point temperature from steam tables is the saturation temperature at 
0.5276 in. Hg = 60.3 F. 

Calculate the humidity ratio and volume per pound of dry air. Using 
equation 9.8, 


Wii 


0.622p// 

V — Vh 


0.622 X 0.5276 
29.92 - 0.53 


0.01119 lb water vapor per lb dry air 


* Ewell, A. W., “Thermometry in Hygrometric Measurements.^^ Refrigerating 
Engineering, Vol. 40, No. 1 (July, 1940), p. 27. 
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0.01119 X 85.6 X 639.6 
0.5276 X 0.491 X 144 


13.85 cu ft 


per lb dry air 



Calculate the enthalp 3 % total heat, and sigma heat content. 

Using equation 9. 1 1 and Cp at 80 F = 0.2404, 

h = Cpt^b H’//(10hl -|- 0.444 X /jt.) 

= 0.2404 X 80 + 0.01 1 19(1061 + 0.444 X 80) = 31.50 Btu per lb dry air 
Using equation 9.12 (since pressure is 29.92 in. Hg), 


h = ha -{- <hha, 

= 19.22 H- 0.501 X 24.47 = 31.50 Btu per lb dry air 
Using equation 9.13, and Cp at 67 F = 0.2403, 


7 .II. — Cptu^, 're n wi-h f/tr*, 

= 0.2403 X 67 + 0.01424 X 1090.5 = 31,62 Btu per Ib dry air 
Using equation 9.14, 

= A — tvnh/^,. 

= 31.50 — 0.011 19 X 35 = 31.11 Btu per lb dry air 
Using equation 9.15, 


h^ — c pt “b ie /I trfih 

= 0.2403 X (i7 + 0.01424 X 1055.4 = 31.12 Btu \^r lb dry air 


(b) Calculate the same values as above at the same temperatures 80 F dry 
bull), 67 F wet bull), but at a pressure of 24 in. Ilg (equivalent to about 5900 ft 
elevation). 


Pit = 0.6668 - 


(24.00 - 0.67)(80 - 67) 


//« = 


<f> = 


(2830 - 1.44 X 67) 

= 0.66C8 - 0.1110 = 0,5558 in. Hg 

0.5558 . . 

= 53.9% rel. hum. 


1.0323 
(24 - 1.03) 
(24 - 0“56) 


X 0.539 = 52.6% saturation 


Dew-point temp. = 61.8 F 



V 


0.622 X 


0.5558 

24.00 - 0^6 “ 
0.01475 X 85.6 X 539.6 
0.5558 X 0.491 X 144 


0.01475 lb per lb dry air 
= 17.3 ou ft per lb diy air 


h = 0.2404 X 80 -b 0.01475(1061 + 0.444 X SO) = 35.40 Btu per lb dry air 


0.6668 


'I .II. — 0.2403 X 6)7 + 6.22,^- X 1090.5 = 35.52 Btu per lb dry air 


h:i: 

or 


3.‘).40 0.0147) X 35 = 34.88 Btu ])er lb dry air 

= 0.2403 X 6)7 + 0.0178 X 1055.4 = 34.88 Btu per lb dry air 
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9.10. Subfreezing Conditions. Psychrometry below 32 F requires 
extra precautions if much accuracy is desired. First, since the maximum 
wet-bulb depression is only 18 F and diminishes as the temperatures 
decrease, eiTors in thermometer readings become more significant. For 
example, a thermometer error of 0.1 F at 60 F means only 0.5 per cent 
error in relative humidity, whereas 0.1 F at — 10 F means 4.3 per cent 
error in relative humidity. Matched calibrated thermometers should 
be used, and the lower the temperature, the finer the graduations required ; 
0.1 F graduations or finer are recommended near 0 F. 

The second precaution is to allow sufficient time for equilibrium. 
The wick must be completely covered with ice, and a longer time is 
required to reach equilibrium than at higher temperatures. More reli- 
able results at dry bulbs under 32 F can be obtained without a wick and 
by coating the bulb with ice. This can be done by alternately dipping 
the bulb in ice water, then holding it in freezing air. 

The third precaution, if a wick is used, is to make certain whether it 
is covered with ice or whether it contains supercooled water. Water on 
a wick can be chilled to the low 20’s and not always freeze. Errors over 
6 per cent in relative humidity are possible at 32 F wet bulb if the wrong 
vapor-pressure values are used. The vapor pressures at saturation over 
ice are less than those over supercooled water. However, at partial 
saturation the vapor pressure, humidity ratio, and therefore the enthalpy 
of an air-vapor mixture over ice may be less or greater than at the same 
temperatures over water. In using charts or tables it should be noted 
whether values are for air over water or over ice, and the proper ones 
should be chosen. 

The fourth precaution is to avoid the radiation of heat from the 
observer and from other surfaces that are above dry-bulb temperature. 

The fifth precaution of having the proper air velocity over the bulbs 
applies at low temperatures as well as at other temperatures. 

When using an iced wet bulb, it is possible to obtain a wet-bulb reading 
more than 0.6 F higher than the dry-bulb reading. This phenomenon 
has been observed at temperatures as low as —22 F.® It occurs if the 
air contains supersaturated vapor when considered over ice but is sat- 
urated or only partly so when considered over supercooled water. The 
vapor upon contacting the iced bulb condenses and freezes. In so doing, 
heat is given up, which raises the indicated wet-bulb temperature. 

For a given air-vapor mixture with a dew-point temperature below 
32 F there is only one dry-bulb temperature, but the other properties have 
two values, one for over ice and the other for over water. 

Methods of calculating the properties at subfreezing conditions are 
given under their respective sections earlier in this chapter. 


® Ewell, A. W., loc. cit. 
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Example 9.2. (a) For a barometer rea(linj»; of 29.92 in. of mercury calculate 

the humidity ratio over water and over ice at 30 F dry bulb and 20 F wet bulb- 
Over water. 


puV. 

pii 


Wn = 


= 0.1097 in. Hk 

_ (29.92 - 0.11)(30 - 20) 

2S30 - 1.44 X 20 
= 0.1097 - 0.1004 = 0.0033 in. Hr 
43.54 X 0.0033 ^ . 

29.92 - 0.0033 = 


Over ice, 


Vti = 0.1027 - 


(29.92 - 0.10) (30 - 20) 


Wn = 


3100 
0.1027 - 0.0944 
43.54 X O.OO.S3 


- 0.09 X 20 
= 0.008,3 in. Hr 


29.92 - 0.0083 


= 1.21 Riains per lb dry air 


(1)) Calculate the same as in (a) but for 21 F dry bulb and 20 F wet bulb. 
Over water, 


pn = 0.1097 - 


(29.92 - 0.11)(21 - 20) 


2830 - 1.44 X 20 
= 0.1097 - 0.0100 = 0.0991 in. Hr 
43.54 X 0.0991 


Wu — 


29.92 - 0.0991 


= 14.47 Rrains |)er lb dry air 


Over ice, 


Pn = 0.1027 - 


(29.92 - 0.10) (21 ~ 20) 


3100 - 0.09 X 20 
= 0.1027 - 0.0094 = 0.0933 in. Hr 
4354 X 0.0933 


Wn = 


29.92 - 0.0933 


— = 13.02 Riains |x?r lb dry air 


Note that in (a) the humidity ratio is less over water than over ice, whereas 
at the temperature in (Ii) the opposite is true. In (a) at 30 F dry bulb a relative 

0 0033 

humidity of or 2.0 per cent, produces the same wet-bulb reading using 

U» M m)«5 

0 0083 

su|)ercoolo(l water on the wick as a relative humidity of q o** P®*" t'cnt, 

produces usiiiR jui iced wet bulb. In (b) a relative humidity of » or 

U* 104o 

per cent. indic;it<vs tin* same wet bulb u.sinR water on the wick as a relative 
, . ^ 0.0933 

numidity ot ipys;’ 1”'’ cent, indicates on an iced wet bulb. Herein 

relative humidity values are ba.sed on saturation over ice, which is standard 
practice in this country. EiiRlish and German values of I'clative humidity are 
based on saturation over water and therefore are lower for the same temperatures.^ 

' l'AV(*ll, .\. \\ “Ibunidity Measurement.” Htfrigcrating Friffinerrino, Vol. 35, 
No. 3 (March. 1938). p. 170. 
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(c) Calculate the enthalpies and sigma heat contents for the conditions 
in (a) and (b). 

At 30 F dry bulb and 20 F wet bulb: 

Over water, 



0.24 X 30 + 


0.38 

7000 


X (1061 + 0.444 X 30) = 7.26 Btu per lb dry air 


h'L = 0.24 X 20 + tH-u X (1093 - 0.556 X 20) = 7.28 


Over ice, 

1 2 "? 

h = 0.24 X 30 + X (1061 + 0.444 X 30) = 7.39 

AS = 0.24 X 20 H- X (1220 - 0.036 X 20) = 7.41 

At 21 F dry bulb and 20 F wet bulb: 

Over water, 

h = 0.24 X 21 + ^ X (1061 + 0.444 X 21) = 7.26 
A2 = 0.24 X 20 + X (1093 - 0.556 X 20) = 7.28 


Over ice, 

1 3 62 

h = 0.24 X 21 + X (1061 + 0.444 X 21) = 7.12 

AS = 0.24 X 20 + X (1220 - 0.036 X 20) = 7.41 

9.11. Psychrometric Charts. In order to conserve time in determin- 
ing properties of air-vapor mixtures, charts of various types have been 
designed. One presented in 1946 and copyrighted by the Carrier Cor- 
poration, has, like some preceding ones, dry-bulb temperature as the 
abscissa and humidity ratio as the ordinate.® Copies for two tempera- 
ture ranges are in the envelope on the back cover. Enthalpy values of 
saturated air are indicated on the extended diagonal wet-bulb lines. 
Lines of constant deviation from enthalpy at saturation are drawn through 
the region of partly saturated air. Thus the enthalpy at any condition 
in the range of the chart can be easily computed. 

These charts are for the standard barometric pressure of 29.92 in. of 
mercury. A table of corrections is included to apply for values at other 
pressures. Values at temperatures below freezing are for over ice. In 
1944 Wile presented a chart from “ 10 to 50 F showing values both over 
subcooled water and over ice at temperatures below freezing.® This 
chart indicates sigma heat content values. 

The standard barometric chart gives values of suitable accuracy for 
most commercial and industrial applications throughout the United States 


® Palmatier, E. P., and Wile, D. D., “A New Psychrometric Chart.” Refrigerating 
Engineering, Vol. 52 (July, 1946), p. 31. 

® Wile, D. D., “ Psychrometry in the Frost Zone.” Refrigerating Engineering, 
Vol. 48, No. 4 (October, 1944), p. 291. 
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with the exception of Denver and other smaller communities at signif- 
icant altitudes. Two charts, one for —50 to GO F and the other for 40 
to 140 F, at pressures from 2 to 200 psia, have been presented by Kanig.*^ 

9.12. Processes Involving Air-Vapor Mixtures. The common proc- 
esses involved in air conditioning are at practically constant pressure and 
can be illustrated by lines on a psychrometric chart. 

(A) Sensible Heating. This process involves heating without chang- 
ing the moisture content (humidity ratio) of the air. It therefore must 
be a horizontal line from left to right on the chart, as shown in Fig. 9.3, 
An application would be air in a duct passing over a heater. The relative 
humidity is lowered, 

(B) Sensible Cooling. This process involves cooling at constant 
moisture content or humidity ratio of the air. It can be shown as a 




KIk- 9.3. S('iisil)lo heating. 


I'ig. 11. 1. Sensible eooling. 


horizontal line from right to left on the chart as indicated in Fig. 9.4, 
4'he final temperature cannot be below the initial dew-point temperature. 
An example would be air in a duct passing over a cooling coil having a 
stirface temperature above the dew-point temperature of the air. The 
relative humidity is raised. 

((’) Adiabatic Saturation. “Adiabatic'* means “no heat added or 
r<‘moved externally." “Saturation" implies adding moisture. Recir- 
culat(Mi watc'r is sprayed into the air, and part of it evaporates in tr>dng 
to saturate the air. If the spraying is elToctivc enough, the air leaves 
lh<' spray 100 per cent saturated. Then, after equilibrium is established, 
th(‘ air will h'ave at the temperturo of its entering wet bulb, and the recir- 
culated water will be at this same temperature. This process is indicated 
on the chart as a line parallel to the wet-bulb lines from the entering-air 
condition to the saturation curve, as shown in Fig. 9.5. In commercial 
pra< lic(' th(‘ process of evaporative cooling closely approaches this ideal 
proc(‘ss. I'-vaporat i\'e cooling is olToctive in hot dry climates when the 
< ()oler inimid condition is more desirable than the hot dry condition. It 


Kanig. II. IvltnuiMl 
JiefrigenUiug Etigim-t ring, 


I'.sycliroiactric (’linrts for High .Vltitxulo Calculations.” 
\ol. 52, Xo. 5 (Xcvcinbor, 1946), pp. 434—435. 
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should be remembered that the leaving wet-bulb temperature cannot be 
lower than the spray-water temperature. The relative humidity is raised. 

(D) Cooling and Dehumidifying. This process implies lowering both 
the air temperature and the humidity ratio. The actual process is diffi- 
cult to show on a chart. It would depend on the type of equipment used, 
but in general it can be indicated by a dotted curved line, as shown in 



o 

IT 



DRY BULB TEMPERATURE 


Fig. 9.5. Adiabatic saturation. Fig. 9.6. Cooling and dehumidifying. 



Fig. 9.6. This is the process commonly used in summer air conditioning 
in which air passes over a cold coil or through a cold water spray. The 
air is chilled below its dew point, thus condensing out moisture. The 
final relative humdity generally is higher than at the start. 

(E) Heating and Humidifying. In this process, the reverse of the 
last one described, the temperature and humidity ratio both rise. On a 




DRY BULB TEMPERATURE 


Fig. 9.7. Heating and humidifying. 


Fig. 9.8. Chemical dehumidifying. 


chart it is indicated by a dotted curved line between the initial and final 
conditions, as shown in Fig. 9.7. This process is used in the winter to 
warm and humidify the air. It should be noted that the final relative 
humidity can be lower or higher than the initial value. 

(F) Chemical Dehumidifying. Air can be dehumidified by passing 
it over chemicals that have an affinity for moisture. Usually in so doing 
the moisture is condensed and gives up its latent heat, raising the dry-bulb 
temperature of the air. The air leaves drier but warmer. The process 
can be indicated by a dotted line on the chart, as shown in Fig. 9.8. The 
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wet bulb m<ay increase or decrease. Units employing such chemicals are 
used in some comfort air-conditioning installations but mainly for indus- 
trial air conditioning. Since the leaving-air temperature is usually higher 
than wanted, it is necessary to add a sensible cooling process to get the 
desired final-air condition. 

(G) Mixing Air. When air at one condition is mixed with air at 
another condition, the condition of the final mixture can be indicated on 
a psychrometric chart by a point on the line joining the points indicating 
the original conditions, as shown in Fig. 9.9. The exact location of the 




lug. U.!). .Mixing of air .V and air H. Km. 9.10. Air mixing witli final con- 
dition in fog region. 


final point will depend upon the relative weights of dry air in the original 
air quantities. The ratio of AX to AB is equal to the ratio of the weight 
of dry air at B to the total weight of dry air involved. 

9.13. Fogged Air. Under certain conditions saturated air can hold 
additional moisture in the form of minute water di'oplets. The area to 
the left or above the saturation curve on the psychrometric chart used 
here represents con<litions of foggeti air. Such an atmospheric condition 
can be created in more tlian one manner. When warm humid air is mixed 
with cold air, the resulting mixture will be a fog if the state of the final 
mixture lies in the fog region of the psychrometric chart. Figure 9.10 
illustrates this condition where equal amounts of air at conditions A and 
B are mixed. Ihe final condition will be represented by .t. The tem- 
perature of the fog is that of the extended wet-bulb line passing through 

Fog can also rcxsidt when steam or a very fine water spray is injected 

into air in a (juantity greater than that necessary to saturate the air. 

Lt'sser (ptantities incompletely mixed with the air can result in part fog 
and part unsalu rated air. 

Throe methods of <dearing fog are heating the fog, mixing the fog 

with w'ai mer un.saturated air, and mechanicallv separating the water 
droplets from the air.*‘ 


I’sychromotric Chart. Its Application and Theory.’* 
eafing. Piping awl Air Cowlitinning, Vol. 11. \o. 11 (Novemher, 1939), p. 671. 
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PROBLEMS 

Assume 29.92 in. barometric pressure unless stated otherwise. 

9 . 1 . (a) Calculate the water-vapor pressure of the atmosphere if the dry-bulb 
temperature is 72 F and the wet-bulb temperature is 50 F at standard barometer. 
Calculate (b) the relative humidity, (c) the per cent saturation, (d) the humidity 
ratio, (e) the enthalpy of the mixture, (f) the total heat, and (g) the sigma heat 
content. 

9.2. For air at 25 F dry bulb and 20 F wet bulb over ice, calculate at 29.92 in. 
Hg (a) relative humidity, (b) per cent saturation, (c) humidity ratio, (d) enthalpy, 
(e) total heat, and (f) sigma heat content. 

9 . 3 . Calculate the values in Problem 9.2 if the barometer is 25 in. Hg. 

9.4. How many Btu per hour are required to heat 1000 cfm of air at 25 F 
dry bulb and 20 F wet bulb to 70 F dry bulb and 50 F wet bulb? How many 
gpm of water must be evaporated? 

9.6. Determine the dry-bulb and wet-bulb temperatures of a mixture of 
1000 cfm of air at 95 F dry bulb and 78 F wet bulb and 3000 cfm of air at 75 F 
dry bulb and 65 F wet bulb. 

9.6. What will be the dry-bulb temperature if air at 100 F and 20 per cent 
relative humidity is saturated adiabatically to 90 per cent relative humidity? 
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9.7. What woukl be the final dry-bulb, wet-bulb, and humidity condition 
if 100 (*frn of air at 75 F dry bulb and 70 F wet bulb mixes with 100 cfm of air 
at 32 F dry bulb and 90 per cent relative humidity.^ 

9.8. (a) Determine the degree or per cent saturation of water vapor in air 
at 70 F <lry bull) and 50 F wet bulb, (b) What is the relative humidity? 
(Barometer reads 29 in. Mg.) 

9.9. Calculate the cubic feet of air-vapor mixture per pound of dry air at 
51 F and SO per cent relative humidity. 

9.10. How many tons of refrigeration are required to cool 1000 cfm of air 
from 95 F dry bulb, 78 F wet bulb to SO F dry bulb anfl 50 per cent relative 
Itumidity? 

9.11. For air at 0 F dry bulb an<l 40 per cent relative humidity, calculate 
over ice (a) wet bulb, (b) dew point, (c) humidity ratio, and (d) enthalpy, 
(Barometer is 30 in. Hg.) 

9.12. Air at 35 F dry bulb and 90 per cent relative humidity is cooled to 25 F. 
Determine the amount of moisture removed and the total enthalpy given up 
per pound of dry air. 

9.13. A room is to be maintained at 40 F and 80 per cent relative humidity. 
Air is to be supplied at 30 F to absorb 100,000 Btu per hour sensible heat and 
35 lb of moisture per hour. How many pounds of dry air per hour is requited? 
What should be the dew-point temperature and relative humidity of the supply 
air? 

9.14. Can an air condition of 70 F and SO per cent be obtained by evaporative 
cooling and reheat from a condition of (a) 100 F and 12 per cent, (b) 96 F and 
18 per cent, (c) 105 F and 10 per cent? Diagram each process on a schematic 
psychrometric chart. 

9.16. How high a relative humidity must 95 F air have in order to obtain 
saturated air at 65 F by evaporative cooling? 


CHAPTER 10 


Cooling-Load Calculations 

10.1. Types of Loads. The refrigerating engineer may encounter a 
wide variety of applications in his practice. In order to determine the 
proper equipment to use in each case he must first calculate the load and 
study its characteristics. Some of the more common types of loads 
include those for comfort air conditioning, industrial air conditioning, 
product chilling, product freezing, product storage, chilling water, milk, 
oil or other fluids, liquefying gases, and freezing liquids. Many of the 
fundamentals of heat transmission are applied in load calculations. In 
most cases heat transfer by conduction occurs, and in many instances heat 
transfer by convection or by radiation, or by both, takes place. 

The components of the heat gain in an air-cooled space are of two 
types, sensible heat and latent heat. It is important to differentiate 
between the two, since the ratio of the total quantity of one to that of 
the other affects the determination of the proper balance of equipment 
required. The air quantity, coil surface area, refrigerant temperature, 
and the sensible-latent heat ratio must balance for a given set of room 
conditions. Since sensible heat manifests itself by a temperature change, 
any heat source which raises the dry-bulb temperature of the air in a con- 
ditioned space causes a sensible-heat gain. Latent heat is the heat trans- 
ferred during a change of state of a substance, such as the latent heat of 
evaporation or the latent heat of condensation. As air passes through 
conditioning equipment and moisture is condensed, latent heat is given 
up. This air must enter the conditioned space with a humidity ratio low 
enough to produce the desired room conditions after absorbing the unde- 
sired moisture within the space. Thus any source that adds water vapor 
to the air in a conditioned space causes a latent-heat gain. The compo- 
nents that make up the totals of each of these heat gains are explained 
and discussed in the following sections. 

10.2. Design Conditions for Air Cooling. Since several of the items 
in the total-heat gain for a space are functions of the difference between 
inside and outside temperature and humidity, the proper design condi- 
tions must be selected. In comfort conditioning it is desirable, as the 
term implies, to maintain conditions that are comfortable to the majority 
of the occupants most of the time. From numerous tests conducted with 
human “guinea pigs“ to determine desirable room conditions, the 
American Society of Heating and Ventilating Engineers developed their 
Effective Temperature Charts. 
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Effective temperature is an empirical index of warmth that takes into 
account tlie combined effect of temperature, humidity, and air movement. 
Any conditions for any one effective temperature produce the same sen- 
sation of warmth to mo.st human beings as is felt in an atmosphere of 



70 60 

DRY BULB TEMPERATURE •F 

Lig. 10.1. ASIIVK comfort Hmrt for still air. Copyright UM8. From Heating 

Vvntihitimj .l/r ('oiuiitioning (Juiile ('liapter 12. 

saturated air at that numerical tempmature and with an air movement 
of 15 to 2o fpm (still air). I'^Oective temperature, however, is not a true 
comfort m<lex because^ discomfort may be experienced at extremely high 
or low humidities, and no account is taken of the radiation effect of sur- 
lounding sill faces. Xevert heh'ss, it is the best comfort index at present 
fnv still-air conditions between 30 and 70 per cent relative humidity. It 
IS used when inside design conditions are changed in order to obtain better 
etjuipmenl balanci* and still produce the same degree of comfort. Figure 
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10.1 is the ASHVE Comfort Chart, and values in Table 10.1 are taken 
from it. 

Contrary to conclusions from the early tests, recent investigations in 
various parts of the United States indicate that, for office and other sed- 
entary workers considered as a group, optimum comfort is obtained when 
the temperature is between 74 and 78 F and that, as long as the relative 


TABLE 10.1 

Approximate Conditions of Equal Effective Temperature^ 


Effective 

Temperature 

Dry Bulb, F 

Wet Bulb, F 

Relative 

Humidity 


79 

59 

29% 


78 

60.5 

35 

710 

1 77 

62 

42 


76 

63.5 

51 


75 

65.5 

60 


74 

67 

69 


80 

61 

32 


79 

62 

38 


78 

64 

45 

72 

77 

65 

52 


76 

66.5 

61 


75 

68 

70 


81 

62 

! 34 


80 

64 

! 41 

73 

79 

65.5 

1 48 


78 

66.5 

55 


77 

68 

I 62 


76 

69 

70 


83 

63 

32 


82 

64.5 

38 

74 

81 

66 

44 


80 

67 

51 


79 

68 

58 


78 

69.5 

65 


84 

64.5 

33 


83 

66 

39 

75 

82 

67 

46 


81 

68 

53 


80 

69.5 

60 


79 

70.5 

66 


85 

65 

33 


84 

66 

38 

76.5 

83 

67 

43 


82 

68.5 

49 


81 

69.5 

56 


80 

71 

64 


1 Based on data from Fig. 10 of Chapter 12, Heating Ventilating Air Conditioning 

Guide 1948. New York: American Society of Heating and Ventilating Engineers. 
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humidity is between 35 and 60 per cent, its actual value is not important. 
These conditions meet both summer and winter requirements for extended 
occupancy, and in many establishments the thermostat is kept at the 
same setting the year around. The above, of course, presumes the 
absence of drafts. 

The actual inside design temperatures selected in comfort air condi- 
tioning, however, are not necessarily those of optimum comfort. The 
length and type of occupancy, the outside design conditions used, and 
economic considerations affect the choice. When the design outside dry 
bulb is 95 F or higher, inside design conditions for most commercial air- 
conditioning applications are 80 F and 50 per cent relative humidity, or 
slightly under 74 F effective temperature. Conditions up to 75 F effective 
temperature are sometimes used for drugstores, cigar stores, quick-lunch 
counters, and similar establishments. For homes, offices, and stores 
having extended occupancy, an effective temperature of 73 F, or some- 
times 72 F, is selected. One degree lower design effective temperature 
should be used for each 5-degree drop in outside design temperature. 
The room thermostat is usually set lower than the design temperature. 

The inside design conditions for industrial air conditioning and for all 
refrigerated spaces depend upon the usage of the space and the specific 
products involved. Not only the kind of product but its age, condition, 
proposed length of storage, and the processes involved determine the 
desired temperature, humidity, and air movement. Very few products 
can be treated alike. Recommended conditions for several industrial 
air-conditioning processes are given in Chapter 18 under the specific 
applications. Frequently, the production foreman or superintendent 
knows under what conditions he can obtain the most satisfactory product, 
and the air-conditioning or refrigerating system is designed accordingly. 
In other cases it is the responsibility of the air-conditioning or refrigera- 
tion engineer to investigate or experiment and to recommend design 
conditions. Recommended storage conditions and other information 
for many food products are given in Table 10.2. 

One point to be emphasized is that guesswork should be eliminated 
in food preservation. There is no need for assuming design conditions 
with the great volume of information on the storage and freezing of most 
food products available from the U.S. Department of Agriculture, the 
various state agricultural departments and colleges, commercial con- 
cerns, recent trade magazines, and the ASRE Data Books. It is urged 
that before designing, recommending, or buying a system or equipment 
in this field the latest reliable information available be studied. 

Outside design conditions are determined from local experience or 
codes. They usually are the average maximum values, excluding the 
high values that occurred for less than three hours in only 10 days out of 
the year. Table 10.3 lists recommended values. 
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TAHT.K 10.3 

OiiTSiDB Dp^skin Conditions"' 




Winter 

Summer (C’ooling) 


( 'ity 




State 

Dry Bulb, F 

Dry Bulb, F 

Wet Bulb, F 


Alabama 

Ilirinini'ham 

K) 

05 

78 


Mobile 

15 

95 

80 


Montgomery 

10 

95 

78 

Arizona 

Flai;staff 

-10 

90 

65 


Phoenix 

25 

105 

76 


Tues(m 

25 

105 

72 


Y'lima 

30 

110 

78 

.Arkansas 

Little Uoek 

5 

95 

78 

California 

Hakorsfield 

25 

105 

70 


lOI (’entro 

25 

110 

78 


Fr<‘sno 

25 

105 

70 


I>on|; Heaeh 

35 

90 

70 


Ix>s .Vn^tdes 

35 

90 

70 


Needles 

25 

115 

80 


Oakland 

30 

85 

65 


Pasadena 

30 

95 

70 


Saeramento 

30 

100 

72 


San Pernadiiui 

30 

105 

72 


San Diejso 

35 

85 

68 


San I'raneiseo 

35 

85 

65 

Colorado 

Denver 

-10 

95 

64 

( ’onnootieut 

Bridpeport 

0 

95 

75 


llartfonl 

0 

93 

75 


New Haven 

0 

1 

95 

75 

Delaware 

Wilminpton 

1 0 

1 

95 

78 

I list riet of ( 'olnmliia 

Washinpton 

1 

0 

95 

78 

Florida 

Jaek.sonville 

25 

95 

78 


Miami 

35 

91 



Pensacola 

20 

95 

78 


Tampa 

30 

95 

78 

( leoI•J^ia 

Atlanta 

10 

95 

76 


AupJista 

10 

98 

76 


Ibunswiek 

20 

95 

78 


( 'ohimbiis 

10 

98 

76 


Savannah 

20 

95 

78 

(daiio 

Ih>is(' 

-10 

95 

65 

Illiiinis 

( 'hicapo 

-10 

95 

75 


Peoria 

-10 

95 

76 
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TABLE 10.3 {Continued) 
Outside Design Conditions^ 


State 

City 

Winter 
(Heating) 
Dry Bulb, F 

Summer (Cooling) 

Dry Bulb, F 

Wet Bulb, F 

Indiana 

Fort Wayne 

-10 

05 

75 


Indianapolis 

-10 

95 

76 

Iowa 

Des Moines 

-15 

95 

77 


Sioux City 

-20 

95 

77 

Kansas 

1 

Wichita 

-10 

100 

75 

Kentucky 

Louisville 

0 

95 

78 

Louisiana 

New Orleans 

20 

95 

78 


Shreveport 

10 

100 

78 

Maine 

Augusta 

-15 

90 

73 


Bangor 

-20 

90 

73 


Portland 

- 5 

90 

73 

Maryland 

Baltimore 

0 

95 

78 


Cumberland 

0 

95 

75 

Massachusetts 

Boston 

0 

92 

75 


Fitchburg 

-10 

93 

75 


Springfield 

-10 

93 

75 


Worcester 

- 5 

93 

75 

Michigan 

Detroit 

-10 

95 

75 


Flint 

-10 

95 

75 


Grand Rapids 

-10 

95 

75 


Saginaw 

-10 

95 

75 

Minnesota 

Duluth 

-30 

93 

73 


Minneapolis 

-20 

95 

75 


St. Paul 

-20 

95 

75 

Mississippi 

Vicksburg 

1 

10 

95 

78 

Missouri 

Kansas City 

-10 

100 

75 


St. Ivouis 

— 10 

95 

78 

Montana 

Billings 

-25 

90 

66 


Helena 

-20 

95 

65 


Missoula 

-15 

95 

66 

Nebraska 

Lincoln 

-15 

95 

77 


Omaha 

-15 

95 

77 

Nevada 

Reno 

- 5 

95 

77 
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TAHLE 10.3 {Continued) 
OiTsiDK Dksign C’onditions^ 




Winter 

Summer (Cooling) 


C’ity 

(Heating) 



State 

Dry Bulb, F 

Wet Bulb, F 


Drv Hulb, F 

New Iluiiipshirc! 

( 'oncord 

-15 

90 

73 

Munehestei’ 

-10 

90 

73 


Portsmoutlj 

0 

90 

73 

New Jersey 

Jersey (’ity 

0 

95 

75 

Newark 

0 

95 

75 


Tr(‘nt«n 

0 

95 

78 

New Mexico 

Santa Fe 

- 5 

95 

65 

New York 

Albany 

-10 

93 

75 


Ihiffalo 

— 5 

93 

75 


New York 

0 

95 

75 


Uoelu'ster 

- 5 

93 

75 


Syracuse 

-10 

93 

75 

North Carolina 

Asheville 

0 

93 

75 


('harlotte 

5 

95 

75 


Greensboro 

5 

95 

75 


Ualei{')i 

6 

95 

76 


Wilmington 

15 

95 

78 

Nortli Dakota 

liismarck 

-30 

95 

73 

Ohio 

Akron 

- 5 

95 

75 


( 'ineinnati 

0 

95 

78 


( 'leveland 

- 5 

95 

75 


('oluinluis 

-10 

95 

76 


Davton 

0 

95 

76 


Toledo 

-10 

95 

75 


Youngstown 

- 5 

95 

75 

Oklahoma 

Oklahoma (’ity 

0 

101 

77 


Tulsa 

0 

101 

77 

Oregon 

Hakor 

- 5 

90 

66 


Portland 

10 

90 

68 


Hoseburg 

10 

90 

66 

Pennsylvania 

Altoona 

- 5 

95 

75 

l*>ie 

- 5 

93 

75 


Harrisburg 

0 

95 

75 


Oil City 

-15 

95 

75 


Phihulelphia 

0 

95 

78 


Pitts]>urgh 

- 5 

95 

75 


Scranton 

- 5 

95 

75 

llliodo Islaiiil 

I^awtueket 

0 

93 

75 


Providence 

0 

93 

76 
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TABLE 10.3 {Continued) 
Outside Design Conditions^ 


State 

City 

Winter 
(Heating) 
Dry Bulb, F 

Summer (Cooling) 

Dry Bulb, F 

Wet Bulb, F 

South Carolina 

Charleston 

15 

95 

78* 


Columbia 

10 

95 

75 


Greenville 

10 

95 

75 

South Dakota 

Sioux Falls 

-20 

95 

75 

Tennessee 

Chattanooga 

10 

95 

76 


Knoxville 

0 

95 

75 


Memphis 

0 

95 

78 


Nashville 

0 

95 

78 

Texas 

Dallas 

10 

100 

78 


El Paso 

10 

100 

69 


Fort Worth 

10 

100 

78 


Galveston 

20 

96 

80 


Houston 

20 

95 

78 


San Antonio 

20 

95 

78 

Utah 

Salt Lake City 

-10 

95 

65 

Vermont 

Burlington 

-15 

90 

73 


Rutland 

-15 

90 

73 

Virginia 

Norfolk 

15 

95 

78 


Richmond 

10 

95 

78 


Roanoke 

0 

95 

76 

Washington 

Seattle 

15 

85 

65 


Spokane 

-15 

93 

65 


Tacoma 

16 

86 

64 


Walla Walla 

- 5 

95 

65 


Wenatchee 

-10 

90 

65 


Yakima 

- 5 

95 

65 

West Virginia 

Bluefield 


95 

75 


Charleston 


95 

75 


Huntington 

- 5 

95 

76 


Parkersburg 

-10 

95 

75 


Wheeling 

- 5 

95 

75 

Wisconsin 

Madison 

-15 

95 

75 


Milwaukee 

— 15 

95 

75 

Wyoming 

Cheyenne 

-15 

95 

65 


® Reprinted, by permission, from Application Engineering Standards for Air 
Conditioning for Comfort, published by Air Conditioning and Refrigerating Machinery 
Association, Inc., 1947. 
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In some applications the maximum cooling load does not occur in the 
afternoon, when the outdoor temperature is usually at the maximum. 
Probable variations in outside conditions for typical design days of 95 F 
dry bulb and 78 F and 75 F wet bulbs are shown in Table 10.4. 

T.\BLE 10.4 

Pkubable OiTsioB Temperature Variations for Two Typical Design Days 

WITH Constant Dew Point* 


Standard Time 

Dry Bulb. F 

Wet Bulb, F 

10 A.M. 

88 

73 

76 

12 noon 

92 

74 

77 

2 P.M. 

95 

75 

78 

4 P.M. 

95 

75 

78 

6 P.M. 

94 

75 

78 

8 P.M. 

91 

74 

77 

10 P.M, 

88 

73 

76 


• (1) I)rv-hull> tcinporatun* variations !>aso(l on data for a typical July day with 
a moan flaily rariRC' of 15 K as presented ])y Faust et al., “A Rational Heat Gain 
Metiiod for the i)eterniination of .\ir (’onditioninR C'ooling Ix>ads,” I'ramactions 
ASHVP:, VoI. 41 (1935), pp. 331-332. 

(2) Wet-hulh temperature variations based on approximate constant daily dew- 
point t(*mperature. 

(3) Also see The Marley Co., “Summer Weather Data”; and Carrier, Cherne, 
and Grant, Modern Heating, Ventilating and Air Conditioning. New York: Pitman 
Publishing Corporation, 1940, p, 36. 

10.3. Space Cooling Load Items. In general, the components of 
the cooling loads for comfort air conditioning, for industrial air condition- 
ing, or for any refrigerated space are the same. These may be classified in 
accordance with the following items, but all items are not always present 
in every case. 

A. Sensible heat gains in the space: 

1. Heat transmission through the structure 

2. Solar radiation 

3. Infiltration or air leakage into the space 

4. Heat emission from occupants 

5. Heat from electric lights 

G. Heat to be extracted from materials or products brought in at 
higher than room temperature 

7. Heat from other internal sources, such as motors and chemical, 
mechuni<-al. ga.s, steam, hot water, electrical, or other appliances 
iues(‘nt 

B. Latent heat gains in the space: 

1. Infiltration by air leakage and by vapor-pressure difference 

2. Moisture fiom occui)ants 
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3. Moisture from materials or products in the space 

4. Moisture from other internal sources such as Avet surfaces and 

chemical, gas, steam, hot water, electrical or other appliances 

C. Outside ventilation air: 

1. Sensible heat gain due to temperature difference 

2. Latent heat gain due to moisture difference 

D. Miscellaneous items 

10.4. Building Heat Transmission. After the proper design condi- 
tions are selected, the next step is to calculate the sensible heat load. 
The first item is heat gain by transmission through the surrounding 
walls, windows, doors, floor, and ceiling. As was pointed out in Chapters, 
Avhen the temperature on one side of a wall differs from that on the other, 
heat flows from the high-temperature side to the low-temperature side. 
If the temperature is the same on both sides, there is no heat transfer. 
For example, on a cold Avinter day heat floAvs from a heated room to the 
outside, and on a hot summer day heat Aoaa's from outside into an air- 
cooled room. If the adjoining space is cooled to the same temperature 
as that in the space under consideration, there is no heat transmission 
betAA'een the spaces. The method of calculating the summer heat gain 
is similar to that for calculating the Avinter heat loss. The heat trans- 
ferred under steady heat floAV through a given part of the structure is equal 
to the over-all heat-transmission coefficient for that portion times the 
total internal surface area involved times the difference betAA’een inside 
and outside air temperatures. In equation form: 

q = UAM Btu per hour (8.26) 

The value of U may be determined from test data or calculated from the 
folloAving equation as explained in §8.16: 


U - 


i + i + £i 


+ - + F + 7 

a k2 fi 


- Btu per (hr)(sq ft)(F) (8.27) 


Values to use in equations 8.26 and 8.27 are given in Table 10.5 and in the 
Appendix, Tables A. 14, A. 15, and A. 16. Additional values may be 
found in bibliographic references 3 and 4 at the end of the chapter. 

The temperature difference At = to — U- 

The area A in equation 8.26 may be obtained easily by measurement 
or from drawings, and the temperature difference is obvious Avhen to, the 
temperature in the adjoining space, is constant. For interior Avails or 
partitions, floors, and ceilings, the temperature in the adjoining uncondi- 
tioned space is usually considered to be 5 to 10 deg beloAv the outdoor 
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design temperature. Of course, kitchens, boiler rooms, attics, and show 
windows are exceptions, and the temperature in any one of them may 
often be higher than the outdoor temperature. 

In the case of exterior walls or ceilings, that is, walls exposed to the 
outdoors or ceilings directly under a roof, variations in outdoor tempera- 
tures and in the solar effect produce unsteady or periodic heat flow. The 

T.VHLE 10.5 

TrANSMITTANCK FOR STRUCTURES* 

In Btu per (lir)(sti ft)(F) (difforenco in toinperaturc botwcon the air on tho two sides) 


and witlj a wind velocity of 15 miles per hour outside 

Structure V 

Brick wall, 8-in., bare 0.50 

Brick wall, 8-in., plaster one side on brick 0.46 

Brick wall, 8-in., plaster one side on metal lath-furred 0.32 

Brick wall, I6-in., bare 0.28 

Brick wall, IG-in., plaster one side on brick 0.27 

Brick wall, IG-in., plaster one side on metal lath-furred 0.21 

Hollow tile, stucco exterior, 8-in., bare 0.40 

Hollow tile, stucco exterior, 8-in., plaster on metal lath-furred. . . 0.28 

Hollow tile, stucco exterior, 12-in., bare 0.30 

Hollow tile, stucco exterior, 12-in., plaster on metal lath-furred. . 0.22 

Cinder blocks, 8-in., bare 0.42 

Cinder blocks, 8-in., plaster one side on metal lath-furred 0.28 

Concrete blocks, 8-in., bare 0.56 

Clapboard frame construction, plaster on wood lath 0.25 

Wood .shingle frame construction, plaster on wood lath 0.25 

Stjicco frame construction, plaster on wood lath 0.30 

Brick veneer frame construction, plaster on wood lath 0.27 


time lag of heat transmission that depends upon the type of wall or ceiling 
structure must be considered. 

In the past most engineers neglected the time factor for continually 
shaded walls or roofs and used to as 0 to 12 F less than the outside design 
temperature, depending upon the mass of the wall or roof. They did 
consider the time lag to a certain degree for sun-exposed surfaces and used 
a to from 5 F below to (iO F above the outdoor design temperature, depend- 
ing on the time of day, orientation, and type of construction. More 
reliable data based upon tests conducted in comparatively recent years 
are now availal)le. This information has been summarized in sets of 
(uirves showing heat flow and time relationships for roofs and walls of 
various constructions and exposures. Copies of these curves are shown 
in h'igs. 10.2 to 10.7. When they are used the following equation is 
applied: 

ry = AHt Btu per hour (10.1) 

where A = inside surface area in sq ft 

Hr — heat flow entering the space in Btu per (hr)(sq ft) taken 

from the proper curve 

* From Rcfrigcrnting Data Book, 5th od., 1943. New York: American Society of 
Hcfrigcniting lOngiiuHTS, p. 157. 
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ROOFS 


I. 2*CONCRETC 
Z2* CONCRETE 
INSULATED 
a 2- CONCRETE 
4. 2- CONCRETE 
INSULATED 

5. 2* CONCRETE 

6. 2* CONCRETE 
INSULATED 

7 6" CONCRETE 
e. 6- CONCRETE 
INSULATED^ 


SMOOTH BLACK PITCH 
SMOOTH BLACK PITCH 

SINGLE PITCH & SLAG 
SINGLE PITCH A. SLAG 


DOUBLE POURED PITCH & SLAG 
SINQLE PITCH & GRAVEL 1 

SINGLE PITCH A SLAG 

SINGLE PITCH A SLAG 
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Heat flow-time relationship for horizontal roofs. From Heating Ventilating 

Air Conditioning Guide 1947, Chapter 15. 
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Q 2*OVPSUM. SINGLE PITCH AND SLAG 
10 2* GYPSUM, SINGLE PITCH AND 
SLAG « INSULATED 

IL 4** GYPSUM. SINGLE PITCH AND SLAG 
12 4-GYPSUM SINGLE PITCH AND 
SLAG • INSULATED 
IS 4** TILE. SINGLE PITCH AND SLAG 

14 4* TILE. SINGLE PITCH AND 

SLAG-* INSULATED 

15 2*^ PLANK. SINGLE PITCH AND SLAG 
IS 2” PLANK. SINGLE PITCH AND 

SLAG ** INSUUAT^O 

17 2^ PLANK. DOUBLE PITCH AND SlAO 
IS 2* PLANK, Smooth Black, pitcm 
INSULATED 
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7 O 


Fig. 10.3 
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Heat flow-time relationship for horizontal roofs. From Heating Ventilating 

Air Conditioning Guide 1947, Chapter 15. 
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Efiuation 8.26 is used for the heat transfer through doors and windows. 
Sinee the area of the wood or metal portion of the ordinary sash or door 
is not gi'eat’ and often the conduction is not appreciably different than that 
through the glass, the area of the entire opening is used. For doors and 



lug. 10.4. Heat now-tiine relationship for northern-exposed walls. From Heating 

Ventilating Air'Conditioning Guide Chapter 15. 



7 S 0 10 

Sun time 


I'ig. 10.5 


Heat llow-tinie relationship for eastern-exposed walls. From Heeding 
Vvnlildting Air Conditioning Guide Chapter 15. 


w indows in exlei ior walls. is taken as the outside-air temperature at the 
liin(‘ (jf day for which the load is being estimated. 

Cork, shr(Mld('<l redwood bark, glass wool, or equivalent insulation 
has g<‘n(‘rally beiui used for refrigerators. The thickness of insulation 
i(‘coinniended depends upon an economic study of the initial and operat- 
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SOUTH WALLS 


i6''dRlCK 

2I2''BRICK I 1 1 I 

3 I3'*8RICK JNSULATCD 

4 ie"BRrCK 1 1 

5 e-'CONCRETE 

6 4” BRICK, 8” TILE' ^ ' *- 

7 4” BRICK- a^'TILEJNSULATED 

8 4» BRICK, FRAME 

9 4'^ BRICK. FRAME INSULATED 

10 FRAME , 1 r 

11 FRA ME, ROCK WOOL 


AM 




SUN TIME 


ig. 10.6, 


Heat flow-time relationship for southern-exposed walls. 
Ventilating Air Conditioning Guide 1947^ Chapter 15, 


From Heating 


WEST WALLS 


I 6 - BRICK 

Z I?'* BRICK ' * 1 

3 BRICK. INSULATED 

4 IS * BRICK 1 

3 6" CONCRETE * 

8 4'* BRICK, a - tile — • 1 L 

7 4 - BRICK. 8^ till insulated 
a 4** BRICK FRAME 

9 4* BRICK. FRAME INSULATED 

10 FRAME 1 1 !“ 

11 FRAME ROCK WOOL 


76 9I0III2I23 

PM 


Sa 78 9I0HI2 I 234 6 8 7 8 9IOII 


SUN TIME 


AM 


Fig. 10.7. Heat flow-time relationship for western-exposed walls. From Heating 

Ventilating Air Conditioning Guide 1947, Chapter 15. 
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ing costs of the refrigerator and equipment involved. In general, the 
thicknesses shown in Table 10.6 are recommended. For walls with sun 
exposure, an additional inch is suggested, with two additional inches 
recommended for roofs. For walk-in refrigerators, this insulation is used 
in addition to a masonry or other substantial wall, and ^in. Portland 
cement is usually applied to the inside surface. A good vapor barrier 
should also be used. Vapor-tight double metal containers are now used 
for reach-in refrigerators and freezer units. 


TABLE 10.6 

Minimum Thickness ok Insulation* 


UcK>in 

Tempornture, F 
(Outside 
Temp. iK) F) 

Equivalent 
Tliicknoss of 
( ’orkl)oard, 
in.* 

Minimum 
Transmission 
('ocfficicnt 
Btu per (hr) 
(sq ft)(F)t 

-1!) to -10 

8 

.042 

- y to - 5 

7 

.047 

- 4 to -f 5 

6 

.056 

6 to 20 

5 

.067 

21 to 35 

4 

.083 

36 to 45 

3 

.111 

46 and over 

2 

.167 


* Those rocommended thicknesses arc based on the assumption that the insulation 
is properly applied and remains in a reasonably dry condition over years of service. 

t Units have been converted from Btu p(*r 24-br period ns given in original table. 

It is recommended that 15 per cent be added to the theoretical trans- 
mission values when computing refrigerator loads of all types, to allow 
for installation irregularities. 

10.6. Solar Radiation. The solar effect on opaque building surfaces, 
where a time lag from 1 to 16 hr or more is involved, was considered in 
the preceding section. The solar heat gain through transparent or trans- 
lucent maU-rials, such as windows, involves little if any time lag. This 
heat gain through glass is figured in addition to the transmission gain 
through it. The general equation used is 

q = AafI Btu per hour (10.2) 

where Aa — actual area of the glass only, which is usually 80 per cent or 

less of tlie opening area used for the transmission gain. 

(See §10.4.) 


* Ad)ii)tcd, by ponni.^sion, fnun Equipment Standards of tho Air Conditioning 
Kcfngcrating Machinery .\a,sociation. Inc., 1046 od. 
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I = intensity of solar radiation striking the surface in Btu per 
(hr)(sq ft) and depends upon time of day, orientation, and 
latitude 

/ = per cent transmitted to the inside expressed as a decimal and 
depends on the type of shading appurtenance used 
Values of I and / are included in Tables 10.7 and 10.8. 

Solar radiation is often the largest component of the room sensible- 
heat load for a building with considerable window area. It may be nec- 
essary to calculate loads for different hours of the day in order to find 
when and what the maximum load may be. Dividing the building into 
several zones separately controlled is recommended to overcome the 
variation in solar radiation and in each zone’s load as the day passes. 

10.6. Infiltration. This item is estimated in the same manner as it 
is for heating, but for large spaces it is not proportionately so large an 
item in the total load. When the normal infiltration does not provide 
adequate ventilation, outside air is drawn directly into the air-condition- 
ing unit after mixing with some return air and then discharged into the 
conditioned space. Often the outside air required is sufficient to build 
up a slight pressure within the space and offset the infiltration. No 
infiltration need be figured if the volume of outside air handled by the 
equipment is great enough to offset the larger of the total calculated 
infiltration or the quantity of air being exhausted, if any. If the outside 
air handled is not sufficient to do this, the additional requirement is 
included in the load as infiltration items. Frequent door openings or 
doors left open cause considerable infiltration. Recommended values in 
air-conditioning applications are given in Table 10.9. The sensible-heat 


gain from infiltration is calculated from the equation 

q = cfm X 60 X p X Cp{to — U) Btu per hour (10.3) 

If p is taken as 0.075 (standard air), 

q = cfm X 1.08 X {to — U) Btu per hour (10.4) 

At 32 F, q = cfm X 1.16 X {to — U) (10.5) 

The latent heat gain from air infiltration is calculated from equation 
10.6 with humidity ratio expressed in grains per lb 

q = cfm X 60 X P X {who — v}m) X Btu per hour (lO.G) 

Again taking p as 0.075 and h/g as 1060 for 60 F, 

q = cfm X 0.68 X {who — Wm) Btu per hour (10.7) 

At 32 F, q = cfm X 0.74 X {who — Wni) Btu per hour (10.8) 
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TABLE 10.7 


Total, Instantaneots Rates of Heat Gain through Single, Unshaded, Common 
Glass, for Variously Oriented Vertical and for Horizontal Positions*-* 

Datji for solar doclinatioii of 17.5 deg — August 1 


Sun 

Time 

Solar 
.\ltitude 
a Deg 

Total Instantaneous Rato of Heat Gain, Btu Per Hour 
for Each Square Foot of Unshaded Glass 

N' 

N I-: 

1 

I-: 

SE 

S 

SW 

1 

1 

1 

NW 

Horizontal 




,2,5 Deg North La 

\titudc 





6 A.M. 

7.5 

19 

77 

84 

40 1 

3 

3 

3 

3 

12 

7 

20.5 

26 

146 

173 

98 

10 

10 

10 

10 

68 

8 


18 

148 

193 

121 

13 

13 

13 

13 

143 

9 

47.5 

15 

118 

172 

120 

16 

15 

15 

15 

205 

10 

61 .5 

IG 

67 

124 

95 

22 

16 

16 

16 

252 

U 

74.5 

16 

25 

57 

57 

25 

16 

16 

16 

282 

12 

83.0 

IG 

16 

16 

25 

28 

25 

16 

16 

293 

1 r.M. 

74.5 

16 

16 

16 

16 

25 

57 

57 

25 

282 

2 

Gl .5 

16 

16 

16 

16 

22 

95 

124 

67 

252 

3 

47.5 

15 

15 

15 

15 

16 

120 

172 

118 

205 

4 


18 

13 

13 

13 

13 

121 

193 

148 

143 

5 


26 

10 

10 

10 

10 

I 98 

173 

146 

68 

G 

7.5 

19 

3 

3 

3 

3 

' 40 

1 

84 

77 

12 


so I)eg North Latitude 


6 A.M. 

9.0 

22 

88 

97 

47 

4 

4 

4 

4 

15 

7 

21.5 

23 

146 

176 

105 

11 

11 

11 

11 

74 

8 

34.5 

16 


194 

130 

14 

14 

14 

14 

144 

9 

47.5 

15 


IBI 

133 

20 

15 

15 

15 


10 

60.0 

16 

53 


112 

33 

16 

16 

16 

248 

11 

72.0 

16 

19 

BStl 

74 

42 

16 

16 

16 


12 

78.0 

16 

16 

16 

34 

45 

34 

16 

16 

288 

1 I'.M, 

72.0 

16 

16 

16 

16 

42 

74 

56 

19 


2 

60.0 

16 

16 

16 

16 

33 

112 

126 

53 


3 

47 . 5 

1 

15 

15 

15 

15 

20 

133 

171 

104 


4 

34 . 5 

16 

14 

14 

14 

14 

130 

194 

140 

144 

5 

21.5 

23 

11 

11 

11 

11 

105 

176 

146 

74 

6 

9.0 

22 

4 

4 

4 

4 

47 

97 

88 

15 


35 Deg North I^ititiide 


6 A.M. 

10 0 

21 


109 

53 

4 

4 

4 

4 

19 

7 

22 . 5 

19 


179 

110 

11 

11 

11 

11 

79 

8 

34 5 

14 

■ESI 

194 

140 

15 

14 

14 

14 

144 

9 

l(> 5 

15 

90 

170 

144 

28 

15 

15 

15 


10 

58 . 5 

16 

38 

126 i 

128 

47 

16 1 

1 

16 

16 

243 

11 

(»8 . 5 

l() 

lii 

56 

91 

62 

17 

16 

16 

269 

12 

73 0 

l(i 

16 

16 

45 

68 

45 

16 

16 

279 

1 F.,M. 

fi8 5 

16 

16 

16 

17 

62 

91 

56 

16 

269 

2 

58 . 5 

16 

16 

16 

16 

47 

128 

126 

38 

243 

3 

A 

46 5 

15 

15 

15 

I 15 

28 

144 


90 

200 

4 

34 5 

14 

14 

14 

14 

15 

140 

194 

133 

144 

5 

22 5 

HI 

11 

1 1 

11 

11 

110 

179 

143 

79 

6 

10 0 1 

mtm 

I 

4 

4 

4 

53 


97 

19 


* Hazy atrudsphere may reduce these values by 10 per cent. 
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TABLE 10.7 {Cfmiinued) 

Total. Instantaneous Rates of Heat Gain through Single, Unshaded, Common 
Glass, for Variously Oriented Vertical and for Horizontal Positions® 

Data for solar declination of 17.5 deg — August 1 


Sun 

Time 

Solar 

Altitude 

0 Deg 

Total Instantaneous Rate of Heat Gain, Btu Per Hour 
for Each Square Foot of Unshaded Glass 

N 1 NE 1 E 1 SE 1 S 1 SW W | NW 

Horizontal 

40 Deg North Latitude 


5 A.M. 

1.5 

7 

18 

17 

6 

1 

1 

1 

1 

2 

6 

11.5 

23 

106 

120 

62 

5 

5 

5 

5 i 

24 

7 

23.0 

15 

141 

181 

118 

11 

11 

11 

11 

82 

8 

34.5 

14 

122 

194 

147 

19 

14 

14 

14 

145 

9 

45.5 

15 

76 

172 

156 

42 

15 

15 

15 

196 

10 

56.0 

16 

30 

125 

144 

66 

16 

16 

16 

235 

11 

64.5 

16 

16 

53 

no 

85 

22 

16 

16 

261 

12 

68.0 

16 

16 

16 

62 

94 

62 

IG 

16 

269 

1 P.M. 

64.5 

16 

16 

16 

22 

85 

no 

52 

16 

261 

2 

56.0 

16 

16 

16 

16 

66 

144 

125 

30 

235 

1 

3 

45.5 

15 

15 

15 

15 

42 

156 

172 

76 

196 

4 

34.5 

14 

14 

14 

14 

19 

147 

194 

122 

145 

5 

23.0 

15 

11 

11 

11 

11 

118 

181 

141 

82 

6 

11.5 

23 

5 

5 

5 

5 

62 

120 

106 

24 

7 

1.5 

7 

1 

1 

1 

1 

6 

17 

18 

2 


Jt5 Deg North Latitude 


5 A.M. 

6 

7 

8 
9 

10 

11 

12 

1 P.M. 

2 

3 

4 

5 

6 
7 


2.0 

9 

23 

23 

8 

1 

1 

1 

1 

12.5 

22 

111 

129 

68 

6 

6 

6 

6 

23.0 

13 

135 

182 

121 

11 

11 

11 

11 

33.5 

14 

116 

192 

153 

24 

14 

14 

14 

44.0 

15 

63 

168 

166 

55 

15 

15 

15 

53.0 

16 

22 

123 

154 

88 

16 

16 

16 

60.0 

16 

16 

56 

127 

113 

30 

16 

16 

63.0 

16 

16 

16 

76 

119 

76 

16 

16 

60.0 

16 

16 

16 

30 

113 

127 

56 

16 

53.0 

16 

16 

16 

16 

88 

154 

123 

22 

44.0 

15 

15 

15 

15 

55 

166 

168 

63 

33.5 

14 

14 

14 

14 

24 

153 

192 

116 

23.0 

13 

11 

11 

11 

11 

121 

182 

135 

12.5 

22 

G 

6 

6 

6 

68 

129 

111 

2.0 

9 

1 

1 

1 

1 

8 

23 

23 


2 

28 

82 

141 

189 

225 

249 

256 

249 

225 

189 

141 

82 

28 

2 


60 Deg North Latitude 



® ASHVE research data. Reprinted, 
Air Conditioning Guide 194A, Chapter 15. 



i 2 

2 

2 

2 

5 


1 6 

6 

6 

6 

32 


11 

11 

I 

11 

84 


30 

13 

13 

13 

138 

173 

69 

14 

14 

14 

179 

166 

109 

16 

16 1 

16 

214 

138 

133 

41 

16 \ 

16 

235 

92 

140 

92 

16 i 

16 

242 

41 

133 

138 

55 

16 

235 

16 

109 

166 

122 

19 

214 

14 

69 

173 

165 

51 

179 

13 

30 

161 

190 

103 

138 

11 

n 

127 

183 

131 

84 

6 

6 

75 

139 

119 

32 

2 

2 

17 

48 

48 

5 


by permission, from Heating Ventilating 
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TABLE 10.8 

P>FE( T OF Sn.ADINO UPON ToTAU RaTES OF INSTANTANEOUS HeAT GaIN THROUGH 

Glass’ 


Type of Shading 


Outside Shading Screen: metal slats 0.050 in. wide, 
spaced 0.063 in. apart and set at 17-deg angle 

with horizontal 

(’anvas .\wning 

Outside Venetian Blind: slats at 45 deg, extended 
as an awning without sicles to cover approxi- 
mately two-thirds of wimlow 

Inside Roller Shade; fully flrawn 

Outside \’^cnetian Blind: slats at 45 deg, fully cover- 
ing window 

Inside W'netian Blind: slats at 45 deg, fully cover- 
ing window 

Inside Roller Sha<le: half drawn 

Inside Roller Shade: half <Irawn 


P'inish 

/ 

Fraction of Gain 
through Unshaded 
Window 

Dark 

Dark 

0.20-0.35 

0.25-0.35 

Light 

.•Muininum 

0 . 35-0 . 50 
Approx. 0.45 

.Muminuin 

Approx. 0.6 

.Mumimim 

Buff 

Dark 

0.65-0.80 
Approx. 0.7 

0 . 90-0 . 95 


TABLE 10.0* 

Outside Air Infii.tuation For Air Conditioning* 


CFM = 


(W) = Room Height {L) = Length, 

(IF) = Width {G) = Wall Factor 

Room with one outside wall, {G) = 1 
Two outside walls, (G) = 1.5 
Three or more outsule walls, (G) = 2 

(//) • • • X (L) • • • X (ID • • • X (C) • 


60 


• For rooms with weathcrstripp(‘d windows or storm sash, use 50% of this value. 

.Vo/c; For each person entering or leaving through a door which opens to the 
out.sid(‘ (or uncomlitioned space), the additional infiltration for a 36-inch swinging 
d<»or may l)e taken as 100 <*uhic fe(*t and for a 72-inc!i revolving door, the additional 
itifiltration (<*ubic feet p(>r person per passage) may ho taken as: 


Infn‘(|iMMit 

Av('rag(* 

I lea v\' 


Freely Revolving Door 

75 

60 

40 


Door Equipped with Brake 

60 

50 

40 


I lu'si* figiirrs an' based on the assumption that there is no wind pressure and that 

swinging doors ;ire in us«* in <ine wall only. .Any swinging doors in other walls should 

he kept closed to insure air conditioning in accordance with these recommended 
standarils. 


^ I' res<‘:\rch data. Reprinted, by permi.ssion, from Heating Ventilating 

Air Con‘li(ionin<i Guidr Chapter 15. 

Keprinteil, by permission, from Application Engineering Standards for -4ir Coh- 
ditioning for Comfort, publisluMl by .\ir (Conditioning and Refrigerating Machinery 
A.s.sociation, Inc., 1017. 






§10.7] 


COOLING-LOAD CALCULATIONS 


213 


For industrial applications requiring low humidities, it is important 
to consider that infiltration of water vapor, in addition to that from air 
infiltration, takes place through the walls unless a good vapor barrier is 
properly installed in the wall. Heat-insulated walls are not necessarily 
vapor barriers. Masonry, fibrous materials, and oil paints are not good 
vapor barriers. Two coats of glossy enamel or of aluminum paint or 
asphalt impregnated papers well sealed are much better. Factors for 
vapor permeability of various materials are given in the literature.® 

Most refrigerators are practically airtight. The infiltration around 
the doors, which are gasketed, is negligible, so that there is air leakage 
only when doors are opened. Consequently, the frequency and total time 
of door openings must be considered. Since these factors cannot be 
predicted, values of room-air changes based on past experience are recom- 
mended. Air-change values for average door usage showing the variation 
due to room size and temperature are given in Table 10.10. These values 
should be increased up to 50 per cent or greater for heavier than average 
door usage. The smaller the refrigerator, the greater the importance of 
this load component, and the more care recommended in calculating it, 
since it becomes a larger percentage of the total load. Of course these 
air-change values do not apply when outside air is handled by the cooling 
equipment. The heat gain is determined from the following equation; 

q = CXI it room volume X air changes per hour 

X air density X (ho — hi) Btu per hour (10.9) 

10.7. Occupants. Man and many other living creatures may be 
compared in some respects with an automatically controlled stoker-fired 
furnace. Food consisting mainly of carbon, hydrogen, oxygen, nitrogen, 
and certain minerals, which likewise are the main elements in coal, is 
taken in periodically just as coal is fed into the hopper. Air is continually 
dra^vn in, and the oxygen combines with the carbon to form carbon diox- 
ide, which is exhaled, and with the hydrogen to form water vapor which 
is also exhaled. Some Avater also leaves through the sweat glands and 
evaporates from the skin surface as a part of the marvelous control system 
that maintains our body temperature at about 99 F. Heat is evolved 

* “H & V’s Reference Data — 241 & 242.” Heating and Ventilating, Vol. 40, 
No. 3 (March, 1943). 

Teesdale, L. V., “Comparative Resistance to Vapor Transmission of Various 
Building Materials.” Heating, Piping and Air Conditioning: ASHVE Journal 
Section, Vol. 14, No. 12 (December, 1942), p. 736. 

Rowley, F. B., Algren, A. B., and Lund, C. E., “Condensation Within Walls.” 
Heating, Piping and Air Conditioning: ASHVE Journal Section, Vol. 10, No. 1 
(January, 1938), p. 49. 

Building Materials and Structures Reports. Washington, D.C.: United States 
Department of Commerce, United States Government Printing Office. 

Refrigerating Data Book, 5th ed. New York: American Society of Refrigerating 

Engineers, 1943, p. 154. 
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TABLE 10.10 

Average Air Changes per 24 Hr for Storage Rooms Dub to Door Opening 

AND InFII.TRATION‘® 


Voliiriic 

CD ft 

Air 

cliariges 
per 24 Iw 

eii ft 

1 

1 

Air 

changt'.s 
per 24 hr 

\’c>liiinc 
cu ft 

Air 

changes 
per 24 hr 

\’olume 
cu ft 

.\ir 

changes 
per 24 hr 

Above 32 F 








250 

38.0 

1 .000 

17.5 

0,000 

0.5 

30,000 

2.7 

300 

34 . 5 

1 . 500 

14.0 

8,000 

5.5 

40,000 

2.3 

400 

20,5 

2,000 

12.0 

10,000 

4.0 

50,000 

2.0 

500 

20.0 

3 . 000 

!).5 

15.000 

3.0 

75,000 

1.6 

COO 

23 0 

4.000 

8.2 

20 . 000 

3.5 

1 

100,000 

1.4 

800 

20 . 0 

5 . 000 

7 2 

25 . 000 

1 3.0 



Below 32 F 


1 






250 

20.0 

1 .000 

13.5 

5 . 000 

5.0 

25,000 

2.3 

300 

20 . 2 

1 .500 

1 1 .0 

0 . 000 

5.0 

30,000 

2.1 

400 

22.5 

2 . 000 

0.3 

8 . 000 

4.3 

40,000 

1.8 

500 

20.0 

2 . 500 

8.1 

10.000 

3.8 

50,000 

1.6 

000 

18.0 

3,000 

7 4 

15.000 

3.0 

75,000 

1.3 

800 

15.3 

4,000 

0.3 

20,000 

2.0 

100,000 

1.1 


from this oxidation process, termed metabolism, as it is from the oxidation 
or combustion proce.ss in the furnace. Since the body surface tempera- 
ture is about 90 F, sensible lieat is lost by radiation, convection, and 
conduction to the surroundings that are at a lower temperature. Latent 
heat is added to the room through the moisture exhaled and evaporated 
from the skin. The higher the room temperature, the greater is the 
ratio of latent heat to sensible heat given up. 

1 he total amount of heat lost by a person depends upon his activity 
and the surrounding temperatures. These quantities for an average 
man, 5 ft 8 in. tall and weighing 150 lb, are given in Table 10.11. Addi- 
tional values are given in Table 10.12. The average maximum number 
of occupants is multipled by the proper factor for the sensible-heat com- 
ponent and by the proper corresponding factor for the latent-heat compo- 
nent of the room loa{l. 


q = No. of occupants X Btu per hr per occupant Btu per hr (10.10) 

10.8. Electric Lights. The total wattage of lights that will be on 
during the hour selected for figuring the design load is multiplied by 3.4 
to obtain the sensil)le-hcat gain in Htu per hour. Exceptions are encoun- 
tered w heic some of the lights are recessed in the ceiling or walls, or where 
higli looms may permit stratification of heat at the ceiling. In such cases 

Uofri * ^ Booh, 5th 0(1., Now York: American Society of 

J<orrig(‘ratiim EtiKitioors. i). 170 . 
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a reduction factor may be employed. In some spaces the lights near the 
window are turned ofT when the sun is shining on the window; in other 
spaces the lights are left on continuously. 

q = effective wattage X 3.4 Btu per hour (10.11) 

10.9. Product Load. This component may consist of several sub- 
divisions, depending upon the product and temperatures involved. 
These subdivisions, each of which must be calculated separately, are as 
follows: 


Chilling abov'e freezing 
Freezing 

C'ooling below freezing 

Product reaction or respiration heat 


Five factors must l>e known in order to determine the product chilling 
load: (1) The entering-product temperature should be obtained, possibly 
from the man in charge of the operations in the space. (2) The hnal 
priKluct temperature desired shoidd be selected, usually from tables based 
on recent experiences. (3) The maximum pounds of product that are 


T.VHLK 10.11 

Heat Loss from the Avkraoe Hcman Body” 


Room 

Dry Bulb 

Per Person at Rest 
or Moving Slowly 

Per Person Doing 

Light Work 

Sensible 

Heat 

I>atent 

Heat 

Total 

Heat 

Sensible 

Heat 

I..atent 

Heat 

Total 

Heat 

86 

160 

240 

400 

no 

550 

660 

84 

180 

220 

400 

150 

510 

660 

82 

200 

200 

400 

180 

480 

660 

80 

220 

180 

400 

210 

450 

660 

78 

240 

160 

400 

240 

420 

660 

76 

260 

140 

400 

270 

390 

660 

74 

280 

120 

400 

300 

360 

660 

72 

200 

110 

400 

330 

330 

660 

70 

300 

100 

400 

350 

310 

660 


• • • 

• ♦ • 

a • a 

460 

200 

660 

50 


• ♦ « 

a a a 

540 

120 

660 

40 



a a « 

620 

110 

730 

35 


a ♦ « 

a « a 

650 

no 

760 

30 


e a a 

a a ♦ 

690 

no 

800 

1 

25 


a 9 a 

• • * 

730 

no 

1 

840 

1 

1 


Based on data from Figs. 6 and 7 of Chapter 12, Heating VmiUating Air Con- 


difioniny Guide 1948. 
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TABLE 10.12 

?Ibat Gain from Orc'UPANTS^* 


Degree of Activity 

Typical 

Application 

Total 

Heat 

Adult 

Male 

Btu/Hr 

Total 

Heat 

Ad- 

justed* 

Btu/Hr 

Sensible 

Heat 

Btu/Hr 

Latent 

Heat 

Btu/Hr 

Seated at rest 

Theater — Matinee 

390 

330 

180 

150 


Theater — Evening 

390 

350 

195 

155 

Seated, very light work 

Offices, Hotels, 

450 

400 

195 



Apartments 





Moderately active oflicc 

(Offices, Hotels, 

475 

450 

200 

250 

work 

.\partinents 





Standing, light work; 

Dept. Store, Retail 

550 

450 

200 

250 

walking slowly 

Store, Store 





Walking; seated; stand- 

Drug Slore 

550 

500 

200 

300 

ing; walking slowly 

Bank 



1 


Sedentary work 

Uestaurantt 

490 

550 

220 


Light bench work 

Factory 

800 

750 

220 


Moderate dancing 

Dance Hall 

900 

850 

245 


Walking. 2 inph; morler- 

Factory 

1000 

1000 

300 

700 

ately heavy work 






Bowlingt 

Bowling Alley 

1500 

1450 

465 

985 

Heavy work 

Factory 

1500 

1450 

465 

985 


* total lioat pain is based on normal porecntape of men, women, and 

eliildren for the application listed and is based on the gain from an adult female 
being 85% of the value for an adult male and the gain from a child being 75% of the 
value for an adult male. 

t The adjii.sted total heat value for sedentary work, restaurant, includes 60 Btu 
per hour for food per individual (30 Btu sensible and 30 Btu latent). 

t For bowling, figure one person per alley actually bowling and all others as sitting 
(400 Btu per hour) or standing (550 Btu per hour). 

Notr: The above values are based on 80 F room dry-bulb temperature. For 78 F 
room dry-bull) temperature, the total heat gain remains the same, but the sensible 
heat values should be increased by approximately 10% and the latent heat values 
decreased aec«)rdingly. 


to ho cbillod at. any one time must be decided. (4) The chilling time 
required tor the kimi and imlividual size of product handled can be 
obtained from test data available. There is a fixed minimum time for 
chilling that cannot be reduced appreciably even by lowering the room 
tempi'raturc. Tn othiu- words, heat, ami incidentally moisture, can be 
removed Irom a product at a certain maximum rate. It is poor engineer- 
ing to figure on quick-chilling a large product and to install the extra 
capacity calculated when such rapid chilling actually is impractical or 


>= lleprinted. by permission, from Appliration Kngincering Standards for Air 

tondifiorum,/nr Comfort, published by Air Conditioning and Refrigerating Machinery 
Association. Ine.. I!)47. 
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even impossible. (5) The specific heat of the product can be found from 
tables. 

When figuring a chilling load on an hourly basis, an additional “chill- 
ing factor’^ is recommended to allow for the high load at the start of the 
chilling period. This factor varies for different products and is equivalent 
to adding up to 50 per cent more to the average hourly chilling load. 
The chilling load in equation form is 



lb X sp ht X (^1 — ^2) 

chilling time in hr X chilling factor 


Btu per hr 


( 10 . 12 ) 


The freezing load, sometimes forgotten by the novice in calculating 
a freezer load, often is the largest item. The factors involved are the 
weight of product to be frozen, its latent heat of fusion, and the freezing 
time. In equation form, 

lb X latent heat , /nrk io\ 

q = 7 : ^ Btu per hr (10.13) 

freezing time in hr 


The cooling load below freezing involves the product weight, its spe- 
cific heat when frozen, the temperature drop desired, and the time allowed. 
The specific heat is considerably less than for the unfrozen product. 
Incidentally, the freezing temperature for most food products is about 
28 F (see Table 10.2). In equation form, 



lb X sp ht below freezing X {tf — U) 

cooling time in hr 


Btu per hr 


(10.14) 


During the maturing of some food products, even in cold storage, 
reaction or respiration heat is evolved. The rate of heat production is 
shown in Table 10.13, and multiplying by the weight of product gives the 
heat gain. 


g = lb X evolution of heat per (lb)(hr) Btu per hr (10.15) 


When the product is in containers, the cooling of the containers must 
also be included. Equation 10.12 may be applied to them. 

Equations 10.12, 10.13, 10.14, and 10.15 give total heat values, which 
may be sufficient in many instances. However, refrigeration applications 
often are essentially no different than industrial air-conditioning applica- 
tions. For such cases it is recommended that when possible the total 
room load be divided into sensible and latent heat components in order 
to select a satisfactory coil size, refrigerant temperature, and also fan 
capacity, if a fan is used. The humidity and velocity of the supply-air 
into the room as well as its temperature are important in spaces where the 
products are not in sealed packages, and proper equipment size and bal- 
ance is essential in order to maintain the desired conditions. Unfor- 
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TABLE 10.13 

Approximate Rate of Evolution of Heat by Certain Fresh Fruits and 
Veoetables When Stored at the Temperatures Indicated^* 


Commodity 

Tem- 

pera- 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
units 

Commodity 

Tem- 

pera- 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
units 

Apples 

j 

32 

660 to 1 , 000 

Grapes — (Con/.) 




40 

1,110 to 1,760 

Emperor 

32 

350 


CO 

4,400 to 6,600 


43 

850 


85 

6,600 to 15,400 


53 

1,810 




Ohanez 

32 

300 

Bananas: 

54 

3.300 


43 

740 

Green 

68 

8 , 360 


53 

1,570 

Turning 

68 

9,240 




Ripe 

68 

8,360 

Lemons 

32 

580 





40 

810 

Beets 

32 

2,650 


60 

2,070 


40 

4,060 


80 

6,200 


60 

7,240 







lycttuce 

32 

11,320 

Cantaloupes 

32 

1,320 


40 

15,990 


40 

1 , 960 


60 

45,980 


60 

8,500 







Mushrooms 

32 

6,160 

Carrots 

32 

2,130 

(cultivated) 

50 

22,000 


40 

3,470 


70 

58,000 


60 

8,080 







Onions (Yellow 

32 

660 to 1,100 

Celery 

32 

2,820 

Globe) 

50 

1,760 to 1,980 


40 

4,540 

1 

1 

70 

3,080 to 4,180 


60 

' 13,520 







Oranges 

32 

690 to 900 

Cherries (.sour) 

32 

, 1 ,320 to 1,760 


40 

1,400 


60 

jll 000 to 13,200 


60 

5,000 





80 

8,000 

Grapefruit 

32 

460 





40 

1,070 

I’eaches 

32 

850 to 1,370 


()0 

2,770 


40 

1,440 to 2,030 


80 

4,180 


60 

7,260 to 9,310 





80 

17,930 to 22,460 

Grapes: 

36 

660 to 1,100 




Corniehon ami 

60 

2,200 to 2,640 

Pears (Bartlett) 

32 

660 to 880 

I'hime Tokav 

SO 

5 . 500 to 6 , 600 


60 

8,800 to 13,200 

Suitaniiia 

32 

430 

Peppers 

32 

2,720 


43 

1 ,050 


40 

4,700 


.53 

1 , 690 


60 

8,470 


lirfrujcratniij Data Hook, 5tli ed., 1943. New York: American Society 
of licfriucratiiiK KiiKiru-tTs, p. 208 
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TABLE 10.13 {Continued) 

Approximate Rate of Evolution of Heat by Certain Fresh Fruits and 
Vegetables When Stored at the Temperatures Indicated*^ 


Commodity 

Tem- 

pera- 

ture, 

F 

Heat evolved | 
per ton of fruits 1 
or vegetables 
per 24 hours, 
British thermal 
units 

Commodity 

Tem- 

pera- 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
units 

Potatoes (Irish 

32 

440 to 880 

Sweet com 

32 

5,890 

Cobbler) 

40 

1,100 to 1,760 


40 

8,190 


70 

2,200 to 3,520 


60 

1 

1 

17,130 

Raspberries 

36 

4,400 to 6,600 

Sweet potatoes: 

32 

2,440 


60 

15,400 to 17,600 

Not cured 

40 

3,350 





60 

6,300 

Strawberries 

32 

2,730 to 3,800 





40 

5,130 to 6,600 

Cured 

32 

1,190 


60 

15,640 to 19,140 


40 

1,710 


80 

37,220 to 46,440 


60 

4,280 

String beans 

32 

4,740 

Tomatoes 

32 

580 


40 

6,740 

(mature green) 

40 

1,070 


60 

22 , 630 


60 

6,230 




Tomatoes (ripe) 

32 

1,020 





40 

1,260 





60 

5,640 


tunately, lack of published information on the ratio of product latent to 
total heat often makes it difficult to calculate the load and select the 
equipment from a scientific vie^vpoint. 

The latent heat load involves product dehydration, an interesting 
though poorly understood subject. At least one company has made 
available to their engineers some data on this subject, and fragments of 
information have been published from time to time. Table 10.14 sum- 
marizes data compiled by Fiske. 

Since attempts to chill or to freeze products in storage rooms have 
caused trouble, it is strongly recommended that separate chilling spaces 
and freezing spaces be provided in addition to the storage spaces. The 
use of moistureproof containers is also recommended wherever practi- 
cal. Chilling room loads are often unpredictable, and it is suggested 
that the equipment selected be flexible in operation and that provision 
for humidification and for the addition of sensible heat in the space or 
supply-air system be considered. In many cases it has been necessary 
to add such equipment. Calculations of loads at the start and at the end 
of the chilling period will give some indication of the difference required 
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TABLE 10.14 

Product Moisturk Loss in Storage*^ 


( 'oimnodit y 

Temperature, 

I' 

1 


/ 32 


1 37 

.\pples 

:< 37 


7 59 


\ 59 

/ 2^1b st(‘uk . . 


lipof \ 40-11) roust . . 


[ 160-11) fiusirtcr 


Beef 

Normal storage 


32 

Brussels sprouts 

/ 32 

1 32 

f curh'd 

1 

31 

Cabbage \ red 

31 

Uvhite 

31 

Carrots 

32 

Cauliflower 

32 

Celery 

30 

Cheese 


Cucuml)cr.s 

32 

Currants 

30 

Eggs 

( oo 


1 32 

Goos(4)orrie.s 

30 

Lima l)oans 

! 32 

Onions 

' 31 

IVaches 

30 

Pears 

32 

Peppers 

32 

Plurn.s 

30 

Spina<*b 

30 

Scpiash 

32 

Strawberries 

31 


Humidity, 

Per C’ent 

Period 

Loss, 

Per Cent 

90 

6-8 mo 

3-4 



f.OS & 1.1 

75l 

1-50 days 


951 


.06&2.5 

75 J 


1.18&8.2 

90 & 80 

1 day 

.9 & 1.8 

90 & 80 

1 day 

.4 & .8 

90 & 80 

1 day 

.2 <fe .5 

Normal storage 

1 mo 

3.0 

98 

1 mo 


98 

1 mo 

10.0 

85-90 

2-3 mo 

20-26 

85 

0-7 mo 

10-15 

85 

6-7 mo 

6-8 

85 

6-7 mo 

8-10 

98 

1 mo 

1.5 

98 

1 mo 

11.0 

90 

6-7 mo 

8.0 

'75 


10.0 

98 

1 mo 

6.0 

85 

2 mo 

6.0 

‘)9 

3 mo 

2.0 

88 

3 mo 

7.0 

85 

2 mo 

6 0 

98 

1 mo 

4 0 

85 

6-8 mo 

6-8 

00 

1-2 mo 

8-12 

90 

4-6 mo 

3-6 

98 

1 mo 

3.0 

85 

2 mo 

4-6 

90 

6-7 mo 

4-5 

98 

1 mo 

1.0 

tto 

1 mo 

4.0 


in (MunptTK'nt oporuting condititms. Tlio rate of chilling must be selected 
with care. 

When can 1)0 calculated, the equipment selection 

must !)(' I)as(‘d on a room-to-coil temporatiire difference selected from 
(‘\l)tM‘ience. Maximum values of temiieratxire difference are given in 
§11.17 for forced-air coils and for gravity coils. 

10.10. Other Internal Heat Sources. Motel's and other equipment 
Iocat('d in the cooled spact' and giving off only sensible heat are figured 
as part ot the s(‘nsil)I(‘ lu'at gain. If the actual wattage used can be 
determim'd, it is multiplit'd by 3.4 to t>btain the equivalent Btu per hour. 
1' ract ional-lior.sepower motors are not so efficient as larger ones, and when 

** I'riJin l iskf, I>. L., “ Priiiriples of the Kofrigeration Ix)\v Side,” New Rochelle, 
.\ew York. UMf). 
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they are fully loaded, the heat gain may be as great as 5000 Btu per hour 
or more per total name-plate horsepower. Of course, motors are not 
always fully loaded, nor do they always run continuously. Where con- 
siderable horsepower is involved, very careful survey data must be 
obtained in order to make an accurate cooling estimate. Relative to 
electric cooking equipment, the total heat figured is taken as 20 to 100 per 
cent of name-plate rating and the latent heat from 0 to 35 per cent of this 
total, depending on the use and type of appliance. 

The total heat gain from gas-burning equipment is taken as 10 to 100 
per cent of name-plate rating and the latent heat as 0 to 55 per cent of 
this total, depending on the use, type of appliance, and whether a gravity 
vent is used. 

Steam-heated equipment also gives off heat, as do certain chemical 
processes and mechanical equipment, even though the source of power 
may be outside the space. These items occur mainly in industrial air- 
conditioning applications and require careful survey data. 

When equipment is properly hooded and connected to a positive 
• exhaust system, approximately half of the heat given off is carried away 
and approximately half of it gets into the room. 

Values of heat liberated by appliances are given in Table 10.15. 

10.11. Outside Air. In order to keep a room fresh, outside air is 
brought in to dilute and reduce the concentration of smoke, odors, carbon 
dioxide, or other undesirables. The number of people smoking and the 
ceiling height or volume of the space affect the volume of outside air 
required per unit time per person for air-conditioning applications. 
When local codes do not indicate specific quantities, values taken from 
Table 10.16 are recommended. 

Certain fruits and vegetables are still alive when placed in a refrig- 
erator and continue to mature. They require oxygen, and the carbon 
dioxide and the heat generated must be removed. In some cases outside 
air is introduced through the cooling apparatus. This has been done, 
particularly for apple, pear, and citrus-fruit storage, for banana ripening, 
and for ale and beer fermentation rooms. However, F. W. Allen, 
pomologist at the University of California, and W . T. Pentzer, plant 
physiologist, U.S. Department of Agriculture, state that outside-air 

ventilation is rarely practical for apples and pears. 

Both sensible heat and latent heat are added by the outside air, and 
in general these are calculated in the same manner as the infiltration 

components. 

Many practicing engineers take into account coil “by-pass factors 
when estimating the cooling load and supply-air quantity. The theory 


From Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed., 
Chapter 13. New York: American Society of Refrigerating Engineers, 1946. 
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on which this practice is based is that the air in passing through a finned- 
tube coil does not all contact the coil or fin surface unless the coil is several 
rows deep in the direction of air flow. The by-pass factor is equal to the 
difference between the leaving-air temperature and the mean surface 
feSLature, divided by the difference between the entering-air temper- 
ature and the mean surface temperature.” The by-pass factor for a coil 
of ,1 rows deep equals the by-pass factor for one row raised to the nth 
power. If the by-pass factor for one row is 0.67 (ordinary air conditioning 

coil with about 7 fins per inch), 

BF for 2 rows = 0.67=* = 0.45, 

BF for 4 rows = O-G?** = 0.20 and 

BF for 8 rows = 0.67» = 0.04 (small enough to use zero). 

Therefore, for most coils 0 rows or less in depth, an appreciable part 
of the outside air slips past the coil uncoolcd and becomes part of the room 

TAHLK 10.16 

VkNTILATION HKtJl’lUKMENTS** 


Smoking 

No. of 
Occupants 

CPM 

None 

Light 

Heavy 

X 71 

X 15 

X 40 



load The sensible and the latent heat gain of the outside air must each 

be divided, and the portions equivalent to the by-pass 
m with the room sensible and room latent heat loads, respectively (20 per 
cent for the 4-row coil above). The remainder of the outside-air heat 

gain is added to the total room load. pninno- 

10.12. Miscellaneous Items. After the room 
nents are totaled, a certain percentage of the sum is added to the toUl 
to account for supply-duct heat gain, supply-duct air leakage, suPPly-fan 

power input, and a safety factor when any ^ aPP'^;^ J 

section presents one method of analysis by which these items may be 

''""Thctqiplv-du<-t heat gain depends upon the ^f 

in the <luct and the temperature of the space surrounding the dvi 

all of the duct is in the conditioned space, this item is zero; but for a long 

—(77^;:;:;;;:;:^'. tt., ■•tuc cont„ct-Mixturc 

Mixtures ,.f .Mr nn.l Water Vapor." ^ for Air 

Association, Inc., 1047. ntui Air Conditioning. 

Carrier. Cherno and Grant, Moilern HeaUng, I enhiattng ana Air 

Now York; Pitman Publishing Corp., 1040, pp. 52-55. 
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run, less air than originally computed is required from the outlets near the 
fan, because of the panel cooling effect of the duct. More air than orig- 
inally planned for is needed for the outlets near the end of the duct because 
of the rise in air temperature in the duct. If the duct is located in an 
unconditioned space, it usually must be insulated to prevent condensa- 
tion. Insulation is also generally economical in order to reduce the duct 
heat gain. 

The percentage to add to the room sensible heat to account for the 
supply-duct heat gain may be calculated from the following equation: 


Percentage gain = 100 X length of duct X temp, rise per unit length 

air temp, outside duct — air temp, inside duct 


X 


conditioned room temp. — fan discharge temp. 


(10.16) 


Values of temperature rise are given in Table 10.17. The figures for 
furred ducts are based on J in. of metal lath and plaster and those for 
insulated ducts are based on 1 in. of cork, plastered. 


TABLE 10.17 

Transmission op Heat to Air Ducts*® 


CFM 

Temperature Rise per F Difference per 100-ft Length 

Uninsulated 

Furred 

Insulated 

600 

0.51 

0.26 

0.14 

800 

.46 

.22 

.12 

1,000 

.42 

.20 

.105 

2,000 

.30 

.14 


4,000 

.21 

.094 


6,000 

.17 

.076 

.042 

8,000 

.15 

.060 

.038 

10,000 

.14 

.060 


20,000 

.12 

.050 



The loss due to supply-air leakage is not easy to estimate, since it 
depends upon the care used in the duct construction. Leakages as great 
as 30 per cent have been reported. The following are the recommended 
minimum percentages to add: 

Long runs 10% 

Medium runs 

Short runs Neglect 

The power consumed by the fan is converted into heat energy and 
imparted to the air. If the fan is on the entering side of the conditioning 
equipment, this energy must be added to the total load. If the fan is on 
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the leaving side, the heat is added to the room sensible-heat load. Values 
based on 50 per cent static efficiency and for various temperature differ- 
ences between the conditioned room air and the supply air are given in 

^^""'Th^slLy factor is sometimes called the factor of ignorance, and 
rightly so. since its value should be gaged by the accuracy or completeness 
of the sui’vey data and possibly should include an allowance for unpre- 
dictable items. \'alues from 0 to 10 per cent are used m practice. 

TABLE 10.18 

IIkat Duk to Fan Horsepower^ 


Total 

Fan Hea<l 
in Inches 
Water 

IVr (Vnt of Room Sonsihlc Heat 

Fan Motor Within (’onditioned 
Spaee or Air Stream 

Fan Motor Not in Conditioned 
Space or .\ir Stream 

Differential 

Differential 

^ T 


10 F 

20 F 

30 F 

10 F 

20 F 

30 F 

0.75 

1.25 

1 . 75 

6.5 

11.0 

15.5 

3.5 

5.5 

7.5 

2.5 

3.5 

5.5 

5.5 

0.5 

13.0 

3.0 

4.5 

6.5 

. 

2.0 

3 0 
4.5 


The same percentages tor suppiy-onct . 

fai'tor as applied to tlic sensible-heat load are also applied to the sum o 
the room latent-heat loads, although the sitfety factor may be different 

in special cases. ^ 

The return-dnet heat gain and air-leakage gam are genera y 

appreciable but should not be overlooked if the duct is long and most nm 

th'ough unconditioned space. Values from Table 10.17 may be used to 

compute the heat gain. These values, plus those for 

and dchumidilier and piping loss, if any, should be added to the total 

system load. IVrcentages for heat due to pump power are given in 

Table 10.19. 

10.1. (a) Calculate the percentage to add to the ® 

heat for an insulat.-,l (iO-ft supply-air duet in a 90 F space delivering 8000 cfm at 

()0 F to a room at JSd F. 

^ 90 - 60 

Pei'ffMituge gain — 100 X 0.6 X 0.03S X ■ *0 

(I.) netcriuine for the same system the heat due to fan power for a static 
pressure of 1.25 in. if the motor is not in the conditioned space. 

go — 00 = 20 F difference; from Table 10.18, gain = 4.5% 
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10.13. Air Conditioning Loads. The principles and procedures ex- 
plained in the preceding sections may be understood better by studjdng 
specific applications. Many manufacturers of air-conditioning or refrig- 
erating equipment conduct training schools for their own and their 
dealers’ engineers. Slight variations in certain details of calculating 
some of the items may be found when comparing the methods recom- 
mended by each concern, but in general the procedures are the same, and 
usually comparable equipment capacities are finally recommended for a 
given application. 


TABLE 10.19 

Heat Due to Pump Horsepower*® 


Pump Head, Ft. 

Per Cent of Grand Total Heat 

Chilled Water Temperature Rise 

5 F 

1 

7F 

j 

10 F 

35 

2.0 

1.5 

1.0 

70 

3.5 

2.5 

2.0 

100 

5.5 

4.0 

2.5 


It should be pointed out that the actual cooling load in a space is a 
function of time and of the heat capacity or storage effect of the contents 
and surrounding structure for the given space. Particularly careful 
consideration should be given to this fact in designing a system for a 
funeral home or other establishment having a peak load of comparatively 
short duration and considerably in excess of the usual load. Some of the 
phenomena of storage effect has been investigated in conjunction with 
recent studies made on panel cooling. Data on how to utilize this 
storage effect, however, are most difficult to find, and additional infor- 
mation would be a worth-while contribution to the profession. This 
storage effect may explain why certain systems with apparently under- 
sized compressor capacity are operating fairly satisfactorily. 

Example 10.2. Calculate the cooling load for an optical-goods shop in 
Baltimore from the following data: 

Total outside windows: 442 sq ft 

Net south glass: 80 sq ft with shade screen 
Net east glass: 180 sq ft with shade screen 
Somewhat hazy atmosphere outside 

Tables 10,17, 10.18, 10.19 are from Carrier, Cherne, and Grant, Modern Heating, 
VeTUilating and Air Conditioning. New York: Pitman Publishing Corporation, 1940, 

** Leopold C. S.. “The Mechanism of Heat-Transfer-Panel Cooling Heat Storage." 
Refrigerating Engineering, Vol. 54, No. 1 (July, 1947), p. 33; Part II, Vol. 65, No. 6 ^ 
(June, 1948), p. 571. 
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Walls; 16 in. brick 
Net east: 28S sq ft 
Net west: 0 sq ft 


Net south: 137 sq ft 
Net north: 370 sq ft 


Floor area; 2000 sq ft Ceiling height: 10 ft 

Floor and ceiling: Double wood floor on wood joiste, metal ceiling 
Partition: 880 sq ft; Wood lath and plaster on both sides of studs, 


Occupants: 25 


Lights: 2500 watts 


Motors: 15 hp, 64% efficient, fully loaded, running 50% of the time. 

Inside design conditions: SO F d.b., 67 F w.b. 

By-pass factor for four-row coil: 0.2 in. 

Figure lO.S shows the total cooling load calculated from the above survey 
data. Determination of the apparatus dew point indicated is explained m Chap- 
ter 1 1 . 

10.14. Refrigerator Loads. In general, the heat sources in a refrig- 
erator may be classified in accordance with the following items: 

(1) Heat transmission 

(2) Air leakage and ventilation 

(3) Product load 

(4) Miscellaneous internal sources 

These items have been explained in the preceding sections, and a 10 
per cent safety-factor item is added to their sum to allow for possible 
variations in the assumptions made. Tlie last three items are often 
difficult to predict for refrigerators having a volume under 1600 cu ft. 
In such cases the load is divided into two components: transmission gain 

and usugo load- 

Tho transmission giiin is calcvilatod in the iisua.1 niann^i% but the door 
loss, product load, internal heat gain, and a safety allowance are ba^d 
on a single factor determined from experience. These factors, indicating 
variation <Iue to space volume, usage, ami outside temperature minus 
room t(Mni)cratiire. are shown in Table 10.20. Some estimators employ 
empirical rules for calculating loads based on refrigerator surface area 
onlv: otluM’s u.se refrigerator volume only. It is obvious that disagreeing 
answ(‘rs would bo obtained in many cases. The method described above 

is rccommend(*d. 

Many estimators oaleuhite an hourly load at the time of day when it 
will b(‘ a maximum. As tlio load drops oft from this maximum, the com- 
pressor eych's or defrosting can be ueeomplished. Other estimators 
ealculat(' a 2 l-iir load and then divide by a factor varying from 14 to 20 
to arriv(' at a maximum hourly load for stdectiug equipment. The actual 
vidue us(‘(l for o]>erating hours ]ier day is based on experience, allowing 
for a (h'frosling period and loailing. Faetors of 18 to 20 are used for 
installations with eoil temperatures above freezing, 18 for room temper- 
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SHttT No 

Ectimatbd By. 


COOUNG ESTIMATE 


pROPOsmoH No. 
Original Dats_ 


Job Naw h 

Abdri&s; 

Space Used fo 
X 


Item 


ufActuri 


00 Sq. Ft. X ^0 


Diffrtcoce f Fftcter 



B CIau 180 X *9 X *2 


. Ft. X 



B VaII 


other 507 


Roof 


X 


X 


Fc. X 


TTlANSMJSSiON CAIN 


Ft. X 


Ft. X 


Ft X 


1«1S 


AJJ Glm 442 


Slude Will 


Roof 


PimuoA 880 


OillA 


FIm 2000 


iNFlLTBATlON AND OUTSIDE AIR 
loAit/itioo CP.M. X X 


Outiiac auS 75 c.F M. X 18 x#2 bf x i.^ 


INTERNAl. HEAT 

F<^pte 26 FcodIc X 220 


K. F. .5 X IS H. P. X4000 


2500 WiMt X 



SerttiSfe 

m 


20.000 rr- 


Bfu/Houf 


600 

600 



400 

600 


500 


5 000 

6 000 
6 000 




200 


SCO 

ooo 

8 500 
2 700 


Room S<Atibl€ Heat Sub Totol 


$te/A 


Sub TouJ 4/ter Stonge 

^ + 6 % + 5tS2lo % 


ROOM SENSIBLE HEAT ■ 


ROOM LATENT HEAT 

XfkhUniM C.fM> X Cr./1B. X 0.0 


Outline A;rS7$ CF.M xS9 CtyiB. X«2B.r. X 0.<7 


Pfoole 


SteMD X X 1000 


raBr 


Room Latent Heat Sub Total 

10 % 


ROOM LATENT HEAT 


ROOM TOTAL HEAT ■ 


OUTSIDE AIR HEAT 
■376, rgfci V I IS •r X (i-*2bp> 


X II 


Or.u>d Total Heat Sub Total 

I>..i .Pump ^ . Dftwa O ^ 

KotCii^ ^ ^ +M P ^+P.p»«eU»i ^ 


TONS = GRAND TOTAL HEAT ■ 


Sf ss Ht AT Factor » 92800 T«tt 

tsmcATCDApp \'»p * SciccrcB App. DP. 


>^T Keiiuna. P.pu^R and Ajr C«*vi>l«OA.A^ CaAlr*<t40 Nat*OAaJ A»M(u(m 4 


2 000 
4 SCO 

700 


200 

700 


5 000 
7 600 


105 600 


Vff.K 


CONDITIONS 


Outside 


Room 


Difference 


SsitCTCP Room CoKnmoNS *D8. 


VENTILATION 
P««pl<Ne( _ 

X CFU/P« 


Cryih. 



•W.B. 




doo. 

Opeo Doorw- 
Exhausc F 


X = 

C FM. VeniiUtiofl® 


INFILTRATION 

People X CFK/?c/-* 

O^n X CrM/Doof^ 


375 

375 


Fret y rPMyg> 

C P M. f/ifittntien 


'OUTSIDE AIR THROUGH APPARATUS 


73 

800 

11 

100 

84 



^ Coordiojtioo of cooluaf deiJEO vid belting is eveotial aod a 

studp of the helling estimate should be made at thU time. 


NOTES 

Outsidff metRl BhadiDg acreeni 0.2S* 

So&Bwhat haxy atmosphere t 0o9« 

Loads oaloulated for 10 K^U^ aod for 12 AoVo 
are Ibbe than ahennio 

15 hp in motors areraglDB 64;S offloiODoy 
fully loaded aad od 50^ of the time# 



Fig. 10.8. Cooling-estimate form. From Heating Piping and Air Conditioning 
Contractors National Association, Engineering Standards, Part IV, 1944. 


atures below zero, and 14 to 16 for intermediate temperatures when 
frequent defrosting is recommended. 

Example 10.3. (a) Calculate the cooling load for a room 14 X 26 X 11 ft 

high at 35 F designed only to chill 12,000 lb of beef from 100 to 45 F in 24 hr. 
There are to be 2 occupants and 600 watts of light. Outside temperatuie is 

95 F. 
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Temperatures opposite 14 ft walls are 45 F and 90 F; opposite 26 ft walls, 35 F 
105 F; on roof, 125 F; ami below floor, 85 F, Inside humidity is 90 per cent; 
outside wet bulb is 78 F. U.sing values from Table 10,6, an average air density 
value for door loss item, and 0.8 chilling factor the solution is as follows; 


Wall: L54 X K) X O.Hu - 

Wall: 2S(> X 0 

Wall: L54 X 55 X 0.0S3 - 

Wall: 280 X 70 X0.067 = 

Floor: 304 X 50 X 0.0H3 

304 X 00 X 0.055 

I)(»or loss; 4004 X X (41.33 — 12.55) = 


People: 

Lij'lits; 

Product: 


• 13.4 

2 X 760 
600 X 3.4 
12,000 X 0.75 X 55 

24 X 08 


260 

0 

700 

1.340 

1,510 

1,800 

2,920 

1,520 

2,040 


(with 2 in. cork insulation) 

(with 4 in. cork insulation) 
(with 5 in. cork insulation) 
(with 4 in. cork insulation) 
(with 6 in. cork insulation) 


12,000 X 0.<o X no = 25,800 

I lodiK t. 24 X 0.8 

37.890 

Plus 10% = 3.790 

41,680 Btu per hr 

(h) Calculate the coolinp; load for a refrigerator 9 X 4 X S ft high, used for 
vegetable service, at 40 F and 90 per cent relative humidity. Outside room 
tein[>eratures arc 95 F dry bulb aiul /8 I' wet bulb. 


Walls: 

Floor; 

(’eiling: 

Usage: 


208 X 55 X 0.1 11 
36 X 55 X 0.1 11 
36 X 55 X 0.111 
288 X M 


= 1270 3 in. cork 

= 220 
= 220 
= 1140 
2850 

Plus 10% = 290 

3140 Htu per hr 


10 16 Fluid Cooling Loads. When refrigeration applications involve 
tho dir«;t cooling of a fluid, tlic amount of refrigeration required, or tota 
load, usually consists of two components: fluid cooling and equipmen 




'I'he amount or rate of flow of fluid, its specific heat m the cooling 
range, its initial temperature, and its desired final temperature must be 
determined. 'I'hese are combined to give the cooling load, of the Huia 

only, in the eiination /,n 171 

q = lb per hr X sp lit X (fi - h) Btu per hour flO.!/) 

Of <'our.s(' the heat exchanger must be properly designed so that the 
fluid can be cooled as desired. Even so, there often are heat gams trom^ 
surroundings, for whieli an allowanee should be made. In some instances 
this allou anee can be ealeulated. In other cases it should be based on 

experience and good engineering judgment. . i, . 

Whenei-er a ebange of state of the fluid takes place, the latent heat 

of condensation or of freezing must be considered. 
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TABLE 10.20 

Usage Heat Loss, Btu per 24 Hr for One Cu Ft Interior Capacity^z 


Volume 


Service 


Temperature reduction in F 
(Room temp, minus box temp.) 


^ A V 


40 

45 

50 

55 

60 

65 

70 

75 

80 

15 

Normal 

108 

122 

135 

149 

162 

176 

189 

203 

216 


Heavy 

1 

134 

151 

168 

184 

201 

218 

235 

251 

268 

60 

Normal 

97 

109 

121 

133 

145 

157 

169 

182 

194 


Heavy 

124 

140 

155 

171 

186 

202 

217 

233 

248 

100 

Normal 

85 

96 

107 

117 

128 

138 

149 

160 

170 


Heavy 

114 

128 

143 

157 

171 

185 

200 

214 

228 

200 

Normal 

74 

83 

93 

102 

111 

120 

130 

139 

148 


Heavy 

104 

117 

130 

143 

156 

169 

183 

195 

208 

300 

Normal 

68 

77 

85 

94 

102 

111 

119 

128 

136 


Heavy 

98 

no 

123 

135 

147 

159 

172 

184 

196 

400 

Normal 

65 

73 

81 

89 

97 

105 

113 

122 

130 


Heavy 

95 

107 

119 

130 

142 

154 

166 

178 

190 

600 

Normal 

61 

68 

76 

84 

91 

99 

106 

114 

122 


Heavy 

91 

103 

114 

125 

137 

; 148 

160 

171 

182 

800 

Normal 

59 

67 

74 

81 

89 

96 

104 

111 

118 


Heavy 

89 

100 

112 

123 

134 

145 

156 

167 

178 

1,000 

Normal 

57 

64 

72 

79 

86 

93 

100 

107 

114 


Heavy 

86 

97 

1 

108 

119 

130 

140 

151 

162 

173 

1,200 

Normal 

55 

62 

69 

76 

83 

90 

97 

104 

no 


Heavy 

84 

95 

105 

116 

126 

137 

147 

158 

168 

1,600 

Normal 

51 

58 

64 

70 

77 

83 

90 

96 

102 


Heavy 

79 

89 

99 

108 

118 

127 

138 

148 

158 
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PROBLEMS 

10 1 Calculate the cooling load for the following office in Chicago. Inside 
.onditio'ns 78 F dry bulb, 50 per cent relative hiiniiility. ® 

south and west are 60 ft and 40 ft long, respectively. 'I; 

.'rwerw'dr ' 1 ^. 11 ^'!;',? of'8'in.'’bAck!' furred am” plastered!' tlio cast ’-‘nd north 

" x;:: th;:!“at ^ r' ^ ug.^ 

‘ consider occupants seateiniiid ilou^ vc^ work; 

use Table 10.12. -Windows are SO i)er cent glass. CaUulate load at 6 1 .i\l. 

10 2 ('alculate the cooling load for a freezing room 0 X S X S ft high at 
0 F ?f 41)0 'll, of iKUiltry is to be chilled from 40 to U) F in 20 hr There a^ 
200 watts of light Recommended minimum insulation is used and the outs 

nbne i! 80 F. Humidity inside freezer is 85 per cent, and ouU.de it ,s 

hO per cent. 

10 3 Calculate the cooling loa.l for a refrigerator S X 5 X S ft high used for 
aeiierdheav! sei vi,.e Inside conditions are to be 36 F and S5 per cent ^latitm 
humidity. Outsi.le con.litioi.s are 90 F dry bulb and .o !• wet bulb. Rcco 

mended minimum insulation is used. 

10.4. (a) Cah ulate the load for an apple storage room 10 >< ^ 

at 40 F and holding 8000 lb of apples. Outside temperature ^ " 

insulation is u.sed. (b) Calculate the load for tlm same room , 000 Urns to ^ 

cooled from 80 F to 40 F in 48 hr in addition. OuLsule humidity is 50 per ce , 

and insid<‘ SO per cent. 

10.5. Calculate the Btu per hour heat gain to 4000 efm of air in an i"s"'a^ 

duct that carries 4000 efm for 30 ft and then ilivides into two ^ 

efm each, one for 10 ft and the other for 30 ft. The air at the Start of the duct 

(50 F. The surrounding space is at 100 V. 

10.6. A restaurant at 4('“ hititude has a total heat pii.i of 0.5 tons 

The southern exposure consists of 200 sq ft of unshaded glass. M hat wouia uo 
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the total load if (a) inside Venetian blinds are added and (b) if an awning is added? 
The miscellaneous room sensible heat gain items total 10 per cent. Venetian 
blind factor is 0.65; awning factor 0.25. 

10.7. How many tons of refrigeration are required to cool 50 gpm of oil 
having a specific gravity of 0.83 and a specific heat of 0.51 from 80 F to 60 F? 

10.8. Calculate the room sensible and latent heat loads for a celery storage 
room 19 X 25 X 10 ft high at 32 F and 90 per cent humidity using 4 -in. insula- 
tion, when the outside conditions are 90 F and 60 per cent humidity. Twenty 
tons of celery is received periodically and should be chilled 5 F in 24 hr. The 
product latent heat, 0.05 Btu per pound per hour, is included in the total product 
cooling and respiration load. There are 300 watts of light and 1 person. Add 10 
per cent to sensible heat gain for fan heat and unknown items. Wall, ceiling ami 
floor U = 0.083. 

10.9. Determine the size of air conditioning unit (3, 5, 7-^ ton) required to 
produce 80 F and 50 per cent relative humidity in a jewelry store in Baltimore, 
Maryland, when only the following survey data is available: 72 sq ft of net south 
glass with inside Venetian blinds (0.65 factor); 156 sq ft of total glass (no sun 
effect on remainder); 45 sq ft of show window partition (105 F in show window 
and U is 1.0) ; 123 sq ft of 12 in. brick south wall; 1440 sq ft of 4 in. tile and plaster 
partition adjoining non-conditioned spaces; 700 sq ft of plaster ceiling under an 
uninsulated 1 in. wood plus asphalt roof (use curve 15); 14 occupants; 2800 watts 
of light, negligible heat gain through the other surrounding areas. 

10.10. Calculate the load for a freezer room 11 Xll Xllft high at 0 F if the 
temperature is 95 F, 90 F, 40 F, and 0 F respectively outside opposite each side. 
The room is on the ground and there is a room at 90 F above. Thirteen hundred 
pounds of meat, half beef and half pork, is to be cooled from 40 to 0 F in 20 hr. 
Recommended minimum insulated construction is used throughout. The ground 
temperature is 50 F. Inside the air is saturated, and outside it is 90 F dry bulb 
and 78 F wet bulb. 



CHAPTER 11 


Condensers and Evaporators 


11.1. Functions. In designing a refrigeration system, the next logical 
step after determining the cooling load is to select the proper equipment. 
The components to consider arc the compressor, condenser, evaporator, 
piping, and controls. C'ompressors were discussed in C’hapter 7. This 
chapter will deal with condensers and evaporators, both being heat 
exchangers with certain features in common. Piping and controls will 


be covered in Chapters 12 and 14. 

As the name implies, a condenser should be designed to condense 
effectively the compressed refrigerant vapor. It is in the condenser that 
the refrigerant must give up the heat absorbed m tlie evaporator plus the 
heat added by the compressor. Good design further provides for some 
subcooling of the liquid refrigerant before it leaves the condenser. The 
pressure of the refrigerant in the condenser is very little less than at the 
compressor discharge, where it is higher than at any other part of the sys- 
tem. Hence the condenser and other equipment in the system between 
the compressor discharge and the expansion valve are often referred to as 


high-side equipment. 

The evaporator is that part of the system in which the refrigerant 
evaporates or boils; it is the cooling unit, whore heat is absorbed by the 
refrigerant. A small part of tlie li(iui<l refrigerant flashes in passing 
through the expansion valve or other restriction used where the greatest 
pressure drop from condenser to evaporator takes place. However, most 
of the refrigerant entering the evaporator is in the liquid state, and dry 
expansion design provides for complete evaporation and for the vapor to 
leave the evaporator slightly superheated. In flooded evaporators all the 
refrig(‘rant is not evaporated; the li(iuid-vapor mixture leaving the 
evaporator flows into a surge drum from which the vapor is dra^^'n off 
into the compressor suction line and the liquitl is recircxdated through the 
evaporator after mixing with additonal liquid from the receiver. 

Since the refrigerant in the evaporator is at a low pressui'C compared 
to that in the condenser, the evaporator and the auxiliaries between the 
expansion valve and the compressor intake are often referred to as lon>- 


side equipment. 

11.2. Condenser Theory. As discussed in §8.16, there are two types 


of condensation, film and dropwise. 

Dropwise condensation occurs only under special conditions, as on a 
polished surface very lightly coated with a nonwetting agent. Hydro- 
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carbon oils will serve such a purpose only temporarily. More successful 
agents include oleic acid when applied to copper, brass, nickel, and chro- 
mium, and mercaptans (alcohol-type compounds with sulfur replacing 
the oxygen) on copper or its alloys.* ]\Iost evidence of dropwise conden- 
sation has been noted for nonmiscible vapor mixtuies; steam is the only 
pure vapor reported on extensively. 

Dropwise condensation is desirable, since heat-transfer coefficients 
of four to eight times those for the film type have been obtained. These 
higher values logically should be expected because of the nature of the 
process. Droplets form and grow until they are heavy enough to run 
off and in so doing do not wet the surface. A large part of the surface 
is dry at any one time, thus allowing direct contact with the vapor and 
therefore better heat transfer than is possible with an insulating liquid 
film on the surface. 

Film-type condensation is much more common than dropwise, and 
equation 8.21 derived by Nusselt then applies.^ This equation is con- 
servative if the vapor is turbulent, and test values higher than theoretical 
have been reported. If the constants given for equation 8.21 are used 
and the expression for a vertical tube is equated to that for a horizontal 
tube with the variables kept constant, the heat-transfer coefficient is the 
same for each tube position when the length of the tube is 2.87 times the 
outside diameter. Since it is practical to have condenser-tubes longer 
than this, most condensers are horizontal to take advantage of the better 
heat transfer. With a tube length 100 times the diameter, the coefficient 
for a horizontal tube would be 2.43 times that for a vertical tube. In the 
case of a bank of horizontal tubes, D should be taken as the sum of the 
diameters of the tubes in a vertical row. 

In 1915 Wilson used an effective graphical analysis of over-all heat- 
transfer coefficient tests.® This method is illustrated by McAdams** 
It utilizes the concept that the reciprocal of U is equal to the sum of the 
individual heat resistances of the vapor-side film, the wall, the dirt or scale 
deposit or other fouling effect, and the water-side film. A rectangular 
coordinate plot of the over-all resistance l/U against the reciprocal of the 
Avater velocity to the 0.8 poAver produces a straight line for comparable 
test data on a condenser. An equation for this line can be written in the 
form 

[7 = ^ + 


* McAdams, W. H., Heat Transmission, 2d ed. New York: McGraw-Hill Book 
Company, Inc., 1942, p. 276. 

* A derivation is presented in McAdams’ Heat Transmission, p. 260. 

« Wilson, E. E., “A Basis for Rational Design of Heat-Transfer Apparatus.” 
Transactions ASME, Vol. 37 (1915), p. 47. 

* McAdams, W. H., op. cit., pp. 271—276. 



238 


CONDENSERS AND EVAPORATORS 


[§ 11.3 


The constant A is equal to the sum of the resistances of the vapor-side 
film the wall, and the fouling effect; and B is an empirical constant The 
resistance of the wall can be calculated, so that only the vapor-side film 
and fouling-cffect values remain unknown. Making tests on clean tubes 
would leave onlv the vapor-side film resistance, and the difference m A 
values for clean and dirty tubes would be the apparent resistance of the 
fouling. Equation ll.l applies for turbulent water flow; for streamline 

flow l/V should be raised to the ^ power instead of to 0.8. 

11.3. Condenser Design. There are three general types of refrigera- 
tion condensers: air-cooled, water-cooled, and a combination air- and 
water-cooled usually referred to as an evaporative condenser. Details 

of each of these are described in the following sections. 

The type and size of condenser selected for a given system are based 
upon theVconomics involved. A desirable balance of initial and operat- 
ing costs must be determined from the costs of power, water, condenser 
surface, and other e(iuipment reciuired. The size of a particular type of 
condenser chosen for a given load depends upon (1) the heat-transfer 
characteristics of the surface, of the refrigerant, and of the cooling medium; 

(2) the temperatures of the refrigerant and of the cooling mediums, and 

(3) the physical properties of the refrigerant. Allowances should be made 
for dirt and scale collection on the surfaces when laboratory heat-tra.nsfer 
test values are used in rating condensers. C'apacity tables of reliable 

manufacturers allow for such items. 

When air-cooled or water-cooled condensers of under 50 tons capacity 

are used, they usually are mounted on the same base as the compressor 

The entire assembly is then referred to as an air-cooled or a water-cooled 

condensing unit. i *i * p 

The amount of heat removed in the condenser is equal to the rate ot 

refrigerant flow times the difference Ix't-ween the enthalpy values of the 

entering and leaving refrigerant. The amount of air or water required 

for condensing is equal to the total heat to be removed divided by the 

diff(M t'nc(‘ between the enthalpy values of the leaving and entering cooling 

fluid us<‘d. j • ui ♦v* 

Although low condensing pressures are economically desirable, the 

leaving-i<'frig<'rant pressure must be great enough to overcome the static 

liead and lh(' resistance of the mains, fittings, and controls. Too low a 

cond(‘ns(*r i)ressui'e can (*ause trouble, and therefoie automatic contro 

of file condens(M' cooling medium is tlesired to give satisfactory operation 

during load variations. . 

11.4. Air-cooled Condensers. Air-cooled condensers are used in 

systems of tiu* smalk'st capaidty, up to 2 or 3 tons. A fe^^ largei units, 

up to 10 tons capacity, have been made but have proved impractica 

because of the large amount of surface required. However, condensing 

units of I hp aiul under are predominately air-cooled unless the ambient- 
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air temperature is unusually hiKh- Their main advantages are simplicity 
and low installation cost. Since the only external connection recjuired 
is to a power source, they are used in most self-contained units such as 
domestic refrigerators, freezer cabinets, display cases, water coolers, and 


room air conditioners. 

A typical air-cooled condensing unit is shown in Fig. 11.1. The con- 
denser consists of a finned continuous-tube coil with the compressor 



Fig. 11.1. Air-cooled condensing unit. Courtesy Curtis 

Manufacturing C'o. 


discharge vapor entering at the top and licpiid leaving at the bottom, from 
where it flows into the receiver located under the base. A fan mounted 
on the compressor-motor pulley blows air across the condenser coil. TLlie 
blade-shaped flywheel spokes aid air circulation across the condenser and 
compressor. The unit should be located in a well-ventilated and prefer- 
ably cool space. The lower the ambient air temperature, the less power 

required for a given capacity. 

A hermetically sealed compressor with an air-cooled condenser is 
shown in Fig. 1 1 .2. This unit requires a separate motor for the condenser 
fan. Note that the receiver is vertical and is mounted above the base 

in order to save space. 

11.6. Water-cooled Condensers. AVater-cooled condensers are used 
with compressors of 1 hp and larger. They usually constitute the most 
economical choice of condenser where an adequate supply of clean inex- 
pensive water of minimum corrosiveness is available together v ith ade- 
quate and inexpensive means of water disposal. They are used almost 
exclusively on large installations involving units of 100 hp. However, 
in these cases the amount of water needed generally w’arrants the installa- 
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tion of a cooling tower. An exception would be an installation adjacent 
to a clean river or a lake from which the water could bo pumped and then 
returned. The condensers themselves may bo of several types. 

Double-pipe condensers, seldom installed nowdays, consist of a pipe 
within a pipe or a tube within a tube. Units fabricated from l^-in. and 
2-in. steel pipe in 10- to 20-f t lengtlis have been used in manj^ ammonia sys- 
tems. The tube sections are placed in a horizontal position to form a ver- 
tical bank, and either fittings or welded construction may be used. The 
complete unit can then be mounted on the wall, occupying space that often 
is of comparatively little value. Water usually enters the bottom sec- 



11.2. Air-t*o(il<‘tI h<‘rmcticully scaled coiulcnsing 
unit, (’(uirtcsy ('opclniul Hcfrigcrat ion Corp. 


tions, flowing upward through the inner pipe. The compressed vapor 

enters tlie top section (lowing downward, thus providing counterflow. 

S(iV(‘ral tests made on this typ(' of condenser indicate that the heat- 

transler co(*flici(*nt is a function of the water velocity and of the mean 

temperatun' difTi'n'iice.* ® N’aluc's recommeiuled for the prediction of 

actual p(*rforinancc arc shown in Fig. 11.3. 

Double copp< r-tubc condensers are used on some Freon-12 and methyl 

(rhlorid(‘ condensing units. A typical unit of this type is shown in Fig. 

11. 1. d'he receiver is located under the base. 

Shelf-and-coil condensers an* used on manv modern water-cooled con- 

% 

(lensitig units of 50 hp and less. The condenser is usually svispended 


Krutz, A. I*., li al., I hn'vrrsilt/ of Illinois Kni/imering Kjrpcrimcnl Station Bnlletins 


171 flU27), ISr, (|‘)2S). aiul jna (PKiO). 

« Stewart. 1*’. I*)., and Ihtllaiul, .\. !>., “ Douhlc Pipe Cooler and Condenser Tests. 
Refrigerating Engineering, Vul. 17, No. 1 (January, 1929), pp. 5-15. 
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under the base of the unit and also serves as the receiver. It consists of 
a welded steel shell Avith a continuous copper-tube coil through AA'hich the 
Avater circulates. The compressed refrigerant vapor is discharged into 
the shell, comes in contact A\dth the cool coil, and condenses, and the 
liquid collects at the bottom. 



MEAN TEMPERATURE DIFFERENCE, F 

Fig. 11.3. Heat-transfer values for double-pipe con- 
densers (IF' X 2"). From Refrigeraling Data Booky 
5th ed. 1943. American Society of Refrigerating Engi- 
neers, p. 263, 

A shell-and-coil condenser is comparatively simple to construct. Its 
main disadvantage is that the AA'ater coil is difficult to clean. Should. a 
leak develop in the coil, the shell must be opened and the entire coil 
removed in order to be repaired. A condensing unit Avith a shell-and-coil 
condenser is shoAAm in Fig. 11.5. 

Shell-and~tube condensers are used on most large modem installations 
and with the smaller compressors when fouling of the w’ater circuit is 
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possible. The manufacturing cost, greater than for a shell-and-coil type, 
ma.v be offset by reduced servicing costs. 

A shell-and-tube conden.ser is similar to that generally employed for 
condensing steam. It consists of a shell with a tube sheet securelj^ fas- 



I'i^. 11.4. I)oul)lc-tul)(‘ \\al<’r-c()M«lcnsing unit. C’uur- 

t(‘sy hruiiiu'r .Manufarturing Co. 



I'iu 1 l.r>. Slicll-aiid-i'oi) watcr-coiuU'using unit 

trs\' ('opi'laiul Ih'frigcratiun ('orp. 


t o\ir- 


teiu’d lo cneh i nd. Plain lub(\s or tubes with small fins formed on them 
are iiiM-rted (hrougii llu' holes in tlu' tid>e sheets. The ends of each tube 
are i (»ll<-d into the 1 ub(‘ she(*t s to make a smooth, tight connection. Each 
tube .'Nhcrl has an easily r(‘movable heailer-type cover, which is often 
liafiii'd to cauM- the water to flow back and fortli through the shell several 
times. I his Itaflling increas(*s the water velocity for a given flow and in 
turn im reases tlx* heat-transfer eoeftieient. A condensing unit with a 
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shell-and-tube condenser is shown in Fig. 11.6, and a typical large con- 
denser of this type is shown in Fig. 11.7. 


Coefficients for condensing Freon-12 on a plain |~in. tube and on 
integral finned -f-, and 1-in. outside or root diameter single tubes were 
reported^ in 1947. Tubes with fin heights roughly 0.05 and 0.33 in. 




1 1.6. Slioll-and-tiiho wator-coudensing 
C'ourtosy (’op(‘land Itcfrigoration (’orp. 


unit. 



Fig. 11.7. Two-pa.ss shell-and-tabe condenser. Courtesy Worthington Pump and 

Alachinery C'orp. 


were used. The values obtained are compared in Table 11.1 with those 
computed from equation 8.21, applying the constant for horizontal sur- 
faces to the exposed tube area and the constant for vertical surfaces to 
the exposed fin area. Experimental values obtained for the water film 
coefficient on the inside of the tubes were 15 to 35 per cent higher than 
those computed from equation 8.14. This increase was attributed in 
part to the turbulence of the entering water and also the internal tube 


^ Katz, Donald L., elal., “Condensation of Freon- 12 with Finned Tubes. Refriger- 
ating Engineering, V’ol. 53, No. 3 (March, 1947), p. 211. 
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grooves made when forming the integral fins. These values must be 
modified for multitidx* ** condensers because of the flow of liquid condensed 
on the upper tubes. A second publication by the same authors covers 


TABU-: 11.1 

Comparison of Kxpkri.mkntal Vai.cbs for Film (’okfficients with Calculated 

Values* 


Root 

Diameter, 

in. 

No. of Fins 
per in. 

Freon 
Temp.. F 

Average 

Te!np(*ratur<* 

DifTcrence, 

F 

Exper. Film 
C'oeflieient 
(iiiel. Copper) 
Btu/hr (F) 
(sq ft) 

Calculated 

Film 

Coefficient 
Btu/hr (F) 
(sq ft) 

4 

• % 

90 

21 

286 

306 

3 

i 


115 

65 

208 

237 

1 

16 

90 

40 

425 

130 

1 

16 

90 

3(i 

413 

410 

i 

16 

105 

52 

370 

377 

1 

16 

90 

40 

377 

300 

i 

4 

7 

90 

40 

215 

201 

1 

6 

90 

40 

312 

200 

i 

4 

90 

40 

222 

287 


multitubc condensers.® A sample integral finned tube is shown in Fig. 
11.8. However, shorter fin heights than shown are usually used on con- 
denser tubes. 


immmu 




Fig. ll.S. Intogral-liinu'd tubing, ('ouiicsy Wolverine 

Tube Division. 


11.6. Economical Water Rate. The lower the water quantity used, 
the liiglu'r is the condensing tempernture and the greater are the power 
costs. C’onvers(‘ly, the higher the water (piantity used, the lower will bo 
the comh'using ttunpiuature and the smaller the power costs. There is, 
Ihcrefon*. an opiimum water flow that will produce a minimum sum of 
wat('r and powc!* costs. If power costs S.l per horsepower-hotir, if water 
costs ])ei* loot) gal. and if the increase in horsepower per degree F rise 
in con(lc^.■^iIlg tcmjH iatun' p('r tim of refrigeration is m, then the total cost 


* From Kilt/. Donulil I... rt at., “ ('ondt'nsat ion of Froon-12 with Finiu'd Txihos, 
Itrfruj/rafiia; i'.iiijinnriutj, \’ol. r)3. Ni>. 3 (March. J). 211. 

** Kat/, Donald b.. tl at., “ ( 'oiulon.sat ion of Froon-12 with Finned T\ibes. 

rin</. Vol. 53. No. 1 (.\pril. 19171. p. 315. 


>> 
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of power for a temperature increment id is Arntd/ri^ where ?? is the combined 
efficiencies of the compressor and motor. The cost of the condenser water 
per ton of refrigeration per hour is 60//5/(1000^d8.33) = 0.0072BH /tdy 
where H is the heat removed from the refrigerant per ton per minute.^® 
The total of the power and water costs are 



Amid 0.0072BH 

V td 


( 11 . 2 ) 


The minimum cost is then found by equating the first derivative with 
respect to the temperature increment equal to zero, 


dC Am 0.0072BH 

dt V td^ ~ ^ 

or = 0.0848 gy (11.3) 

m is determined by using equation 4.14. 

The economical water rate is then 


= si 


(11.4) 


Another method of determining minimum operating costs has been 
proposed by Boehmer.“ Figure 11.9 shows a chart presented for deter- 
mining the most economical condensing temperature. The minimum cost 
of operation may be determined for units of 10 to 60 hp from the equation 




, , M(146 + 55.6r0-'»8) 

l.V) U rr A 


(11.5) 


where C 
E 

r 

M 

tc 


total operating cost, cents per hr (ton) 
electric rate, cents per kwhr 

ratio of condensing pressure to suction pressure 
water rate, cents per cu ft 
condensing temperature, F 
entering water temperature, F, 


11.7. Evaporative Condensers. This type of condenser was devel- 
oped extensively in the early 1930,^s to alleviate the problems arising from 
the use of numerous water-cooled condensers in small air-conditioning 
systems. In many communities the water supply and drainage facilities 


Macintire, H. J., Refrigerating Engineering. New York: John Wiley & Sons, 
Inc., 1940, pp. 181-182. 

Boehmer, A. P., “Condensing Pressures for Air Conditioning.” Heating^ Piping 
and Air Conditioning, Vol. 18, Nos. 9, 10 (September, October, 1946), pp. 77, 94. 
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were becoming overbiirclcned. In some localities the high cost of water 
was a serious objection to the extensive use of air conditioning, and the 
use of a cooling tower for small installations was not practical. There^ 
fore the evaporative condenser was designed to combine the functions 
of a condenser and a cooling tower. 


CONDENSING PRESSURE IN PSI GAUGE 
100 no <20 130 140 ISO 



Fiji. 1 1 .9. Kconoininil condonsing-tompi'ratviro chart. 
I'roMi Hffilitig, l*iping ami -liV Comlitioning (Oct., U)4(>), by 
A. 1*. h(»'hiii(T. 


Figure 11.10 is a diagrammatic sketch showing how a typical unit 
funrdions. .Vir is drawn in through an oi)oning near the bottom, flows 
upward across die K'frigerant coil, through the sprays and eliminators, 
and into the Ian. and is ilischarged at the top of the unit. The refrigerant 
condensing coil is usually of the extemled surface or finned type. The 
r(drig(‘rant enttns at the top of the coils and flows across and dowTiward. 
I he condens(*d licjuid drains into the receiver, frequently located in the 
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water tank in order to subcool the liquid refrigerant further. Water from 
the tank is withdrawn by a pump mounted on the unit and is discharged 
through spray nozzles directed downward over the refrigerant coil. Since 
3 to 5 per cent of the water circulated evaporates, make-up water is 
admitted to the tank through a float-operated valve. The quantity 
needed is from 5 to 10 per cent of the water required for comparable water- 
cooled condensers. Partial evaporation increases the salt concentration 
of the water, and therefore treatment of the water and a continuous over- 
flow (about gpm per ton) is recom- 
mended. Water treatment should 
also be used to reduce scale formation 
on the warm coil. Centrifugal fans 
are used except for the very small 
units. Large multiple units have been 
developed and used for capacities of 
well over 100 tons. 

Units may be located in equipment 
rooms or other indoor spaces where 
they may serve as exhaust units for 
the rooms. They are also made 
weatherproof for outside locations. 

When they are so placed, provision 
must be made for draining if subfreez- 
ing temperatures occur. In cool 
weather it may not be necessary to 
use any water, and the unit then 
operates as an air-cooled condenser. 

Capacities of evaporative condensers are difficult to calculate, but 
ratings of reliable manufacturers may be used. Since the entering-air 
wet-bulb temperature affects the refrigerant condensing temperature, 
the unit and the compressor used should both be selected to handle the 
design load at a wet-bulb temperature 2 to 3 deg above the design wet- 
bulb temperature. 

11.8. Cooling Towers and Spray Ponds. Cooling towers and spray 
ponds are used when water-cooled condensers are desired and water is 
scarce or expensive. Here again an economic study should be made to 
determine whether the savings in water-supply cost over a reasonable 
length of time would warrant the additional initial and maintenance costs 
of a cooling tower or similar device. Evaporative condensers are more 
economical than cooling towers for most reciprocating-compressor instal- 
lations up to 100 tons if the condenser can be located close to the com- 
pressor. Cooling towers are used, however, for larger installations, 
absorption refrigeration units, steam-jet systems, and centrifugal refrig- 
eration units. 



Fig. 11.10. Evaporative condenser. 
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Whon air is iisocl to cool water, the rate of heat transfer depends upon 
(1) the diffen'iice between the air wet-bulb temperature and the water 
temperature, (2) the area of water surface exposed to the air, and (3) the 
relative velocity of the air and water. Secondary factors also influence 
the performance of various types of systems. The size of equipment 
re(iuired for the cooling of a given water ciuantity is affected by (1) the 
cooling temperature range of the water, (2) the difference between 
(mtering-air wet-bulb and leaving-water temperature, (3) design wet-bulb 
temperature itself, and (4) time of contact of air and water. 

Natural ponds were first used with water discharged near the shore 
and the intake water taken from the center and as far below the surface 


as possible. In order to provide a greater area of exposed water, spray 
ponds were developed. For these, nozzles are located so as to spray the 
discharge water into the air. They slunild break up the water into drop- 
lets but not into a mist, which would easily drift off. In addition to 
providing more water-s\irface area, the wat(‘r droplets travel with greater 
velocity than the surface watcu* on a pool, tlu' air velocity is greater at a 
distance above the pool than at the pool surface, and a greater volume of 
air contacts the water. 

Nozzles are generally locatc'd from 5 to 7 ft above the surface, deliver- 
ing 20 to ()0 gpm at 5 to 12 i)si and spaced to deliver 0.5 to 0.7 gpm per 
scpiare foot of pool surface'. Nozzles should not be located less than 20 
ft from the edge of the pool, and even then hnivered fences should bo 
constructed at the edge to ])revent entrained water from drifting beyond 
the pool. Potassium permanganate may be added to i)revent growth of 
algae in warm weather. Ponds an* located on the ground or on treated 
roofs. In many instanc(‘s suflicient horizontal area is not available, and 
cooling towers are used. 

Cooling towers may be classified as atmospheric or natural draft of 
tlu* spray typ(' and the d(*ck type, and as mechanical draft of the forced 
type and tlu* induc(*d typ('. 

Spray-typ(' natural-draft towers are generally more economical for 
loads under 30. 000 lOu per minute. T'hey are from 6 to 15 ft high, 
actually corist it uf itig narrow spray ponds with a high louvered fence, 
'riu'v occupy less space than ii pond and deliver from 0.0 to 1.5 gpm per 
s(iuai (' foot of bas(* area. The sprayed louvers present achlitional exposed 
water surface. A typical atmospheric spray tower is shown in Fig. 11.11. 

I)(*ck-typ(* natural-draft t(»wers are also called atmospheric towel's. 
'I'lu'v are from 20 10 ft high and 10 to 20 ft wide. The length depends 

upf)ti the capacity rc(juir(‘d. 'i’lu'y are made of wood or metal, with open 
and st:igg(‘i-ed hoiizcuital dc'eks at n'gular intervals from top to bottom, 
'riu* wate r is dischargi'd at tlu* top and overflows from deck to deck to a 
basin af the liotloin. W'iiul siilashboards usually extend outward and 
upward arouiul tlu* outside, d'hese towers must be designed for wind 
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Fig. 11.11. 


AtniospluM'ic sprjiy tower. Courtesy I'he 
Marlcy Co., Inc. 



Fig. 


11.12. Vertical induced-draft cooling tower. 
Courtesy The Marley Co., Inc. 
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4 

5 


. . v'o • 


\ (‘hx it i(‘s of oiH‘-half thr avcrajso or lc.<s and located with the longest side 
p(‘r{)(‘Mdiculnr lo th(‘ i)revailing summer winds. 

l-'orced-draft mechanical towers an' made of wood, metal, or masonry. 

'I'Ik' inside may h(‘ a wood lattice- 
work with wat('r being discharged 
ov('r tiu* top. or the inside may con- 
sist of minu'roiis sj)ray nozzles. 
Ojx'nings an* provided on the side 
m*ar the bottom, and propeller fans 
blow air upward through the tower. 
Increasing the lu'ight. area, or air 
(plant ity improves ('fh'ctiveness of 
th(‘ towi'i*. Ail- velocitic's from 250 
1(( b>() fpin ov(‘r tlu* gross area are 
used. 

Induc(‘d-draft towers are like 
forced-draft tow(‘rs ex<*ept that the 
tans an* locatt'd at tlu* top instead of 
at tlu* bottom and draw the air up- 
ward through tlu* tower. A conven- 
tional N'c'itical induc(*d-draft tower 
is show n in I'ig. 11.12 and a small 



I'ig. 11.13. Siii'ill liori/.ont.’il in- 

<lin'<-<l-(lraff (■«H>ling t<»\vrr. ( \mr(«'sv 

'I'Ih- .MarU-v < 'o,. Inc. 


Iiorizonlal induc(*d-draf( lower in I'ig. I 1 . Kb 
( ’ooling-tower di'sign is a specialized 
subject that will not be covc'red in this 
text. However, approxiinati* data ar(* 
olten (h'sired befori* sp(*ci(ic data can lu* 
ol)tained troin a cooling-tow(*r manu- 
facturer. If ci‘rtain assumptions are 
made concerning ent('ring and h'aving 
air and water, tlu* ratio of air to water 
(|uaiit It \- can b{‘ calculat(*d bv means of 
a fieal-f»alance (‘(piation. 'The lu*at 
cneigN' entering must (*(pial the heat 
energy lea\ mg. .M aximurn d(*sign con- 
dit ion> (Mil b( ii.^et I for tlu* eiit ering air, 
and (he lea\iim air will be from 00 to 
100 per rent .ci I ii i a I ed. d'he heat-bal- 
ance (Mpi.iliMii w ith K lereiice to Fig. 11.11 i)er pound of dry air is 


fttR 

IN 



AIR 

OUT 


COOI. 

WATER 

OUT 


I'ig. 11.11. Diagniininatii* cooling 

tower. 


d" H'uAh/A = /i.c: -|- ii'uJiv-i + U'unh 


/It 


( 11 . 0 ) 


” 1 lie .-.Inii: i Dll ■! iii'it ion on cooling towers is from Ilt iitiiuj l’ea//7o/bn; .lir 

( (tfulilionniij (ti.i.i, i i,.\ New \ork; .Kmeruaui SocitUy of Heating and Ventilating 
EngineerA. ( ’liij[iicr 37 
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where ha = enthalpy of dry air 
Wh ~ humidity ratio of air 
hv = enthalpy of moisture in air 
Ww = weight of water per pound dry air 
hj = enthalpy of water. 

An empirical formula sometimes used to determine the approximate 
leaving water temperature is 

+ Ia 


The cooling effectiveness of a cooling tower is determined from the 
equation 

— — X 100 = per cent effectiveness (11-8) 

t A ^tcb 1 

Example 11.1. Determine the approximate leaving water temperature from 
a cooling tower if the entering water is 96 F. Atmospheric conditions are 95 F 
dry bulb and 78 F wet bulb. 

Solution: 


From equation 11.7, 

ta 


95 + 156 + 96 
4 


87 F approx. 


The cooling effectiveness in this case would be 


96 - 87 


= 50 per cent, which 


96 - 78 

is a minimum value. Good tower design would increase this to over 60 per cent. 


Example 11.2. Determine the approximate amount of air to be handled 
and the quantity of make-up water required by a cooling tower that is to cool 
200 gpm from 96 to 87 F. Atmospheric conditions are 95 F dry bulb and 78 F 
wet bulb. Assume that the air leaves the tower 90 per cent saturated at 90 F. 


Solution: 

WHihvi = enthalpy of entering-air mixture and from the psychrometric 
chart = 41.55 — 0.18 = 41.37 Btu per pound. 

w^Ah/A — G4 w»>a 

At 90 F dry bulb, 90% relative humidity, 

ha2 ”1“ WH2ht,2 — 52.5 

and 
Then 
But 

Therefore 
or 

200 gpm would require = zu,iuu cim air 


WrrBh/B = 55WvB 

41.37 + 64tw„A = 52.5 -h 55 «Jw>b 

Wv>B = Wu>A — (WU2 — Wh\) 

= Wu,A - (0.0280 - 0.0168) = w^a - 0.0112 

41.37 + Q4wu,a = 52,5 H- 55w^a — 55 X 0.0112 
11.13 - 0.62 


WvA = 


9 


= 1.17 lb water per lb dry air 


• * 


200 X 8.33 X 14.3 


_ & 
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Evaporated water = (0.0280 — 0.0168) X 


20,300 

14.3 


= 15.9 lb per min 

Make-up water = evaporated water plus some entrainment losses 

Roughly, the make-up water for cooling towers is about 1 gpm per 1000 gal 
circulated for each tlegree of cooling. 

11.9. Noncondensable Gases. Xoncondensable gases are a mixture 
of nitrogen, oxygen, hydrogen, chlorine, and hydrocarbons. They may 
be present in the refrigerant drum used for charging the system, may be 
drawn into the system through leaks when part of the system is under a 
vacuum, may be in the system because of incomplete evacuation before 
charging, or may result from decomposition of the lubricant due to high 
discharge temperatures or from chemical reactions within the system. 
Their presence reduces the operating efficiency of the system by increasing 
the condensing pressure. They tend to form a film over parts of the 
condensing surface or to accumulate in the more quiet spaces in the con- 
denser, reducing the heat-transfer coefficient or rendering part of the 
surface inefTcctive. Increased condensing pressure requires increased 
power reciuircments and reduces capacity. 

The presence of noncondensable gases may be substantiated by allow- 
ing the condenser water to flow after shutting down the rest of the system. 
After sufficient time the refrigerant temperature should be the same as 
the wafer temperature. If the condenser pressure is then higher than the 
saturation pressure for the refrigerant temperature, noncondensable gases 
are present. A temperature dilTerence of 10 F between the actual temper- 
ature and the .saturation temperature of this condenser pressure may result 
in 20 to 25 h increa.se in the normal operating condenser temperature. 

I uiging may eliminate most of the gases. It is recommended that 
purging connections be located where these gases might collect. On 
horizontal conden.sers where the vapor enters at the top center, the top 
of the extreme ends of the condenser are suggested locations for purge 
connections. Special purging devices are also available. 

11.10. Evaporator Theory. The design of an evaporator should pro- 
vide for both eflVctive boiling of the refrigerant with a minimum pressure 
drop and tor (diiciont removal of heat from the medium being cooled. 

< at i^ tianstei red to the outside surface mainly by convection when fluids 
are cooled and by conduction when solids are cooled, although the radia- 
tion hu (oi <d>o l)econu's viuy significant in some cases of free convection. 
Ihis heat IS (omliK led through the metal and is then transferred from 
le insid(‘ surlac(> to the boiling refrigerant. The theory of refrigerant 
evaporatr.rs is rather complicated and involved, and liUle information 
on th(‘ correlation betwiM'u thet>ry ami tost values has been publislied. 
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In general, a rough, easily wetted surface produces higher boiling 
coefficients than smooth, oil-covered, or hard-to-wet surfaces. The 
coefficient increases as the temperature difference increases up to a certain 
point, depending upon the fluid and the surface, and then decreases. 

The amount of heat transferred is equal to the rate of flow of the cooled 
fluid times its specific heat times its temperature drop. This amount 
is also equal to the rate of refrigerant flow times the difference between 
its leaving and entering enthalpy values. 

11.11. Evaporator Design. A^arious metals are used for evaporators, 
depending upon the refrigerant to be used and the evaporator application; 
but iron, steel, and copper predominate. The actual design features of 


TABLE 11.2 
Return Bend Table*^ 

Siz^ of Tubing Equiv. ft of Tithing or 

or Pipe, in. Pipe per tteiurn Bend 


I 

\ 

I 

I 

i 

1 

n 

li 

u 

2 


1 .25 

1.50 

1.50 
1.75 
1.75 

2.50 

2.50 

3.00 

4.00 

7.00 


an evaporator depend upon the proposed location of the unit and whether 
the substance that is to be cooled directly is gaseous, liquid, or solid. In 
any event, the refrigerant either boils as it flows through a pipe, tube, or 
other type of space, sized so that liquid is continually wetting all the 
inside surface, or it boils in a shell around submerged tubes through which 
the fluid to be cooled is flowing. 

When the refrigerant flows through a tube, an increased velocity 
theoretically gives greater heat transfer; but an increased velocity also 
causes greater pressure drop, which lowers the rate of refrigerant flow. 
Hence there are economical limits to the length and the diameter of tubing 
to use for given conditions. It is recommended that refrigerant tube-type 
evaporators for a given load have individual circuits of equal pressure drop 
that approach the maximum length for the diameter used, as given in 
Table 11.2, 11.3, and 11,4. 

One of the basic equations for heat transfer is ^ = UAAL Applied 
to the outside surface of an evaporator, the equation becomes 


q = foAoit — t,) Btu per hr (11-9) 

If the temperature t of the medium to be cooled is constant, if the outside 

'3 From Refrigerating Data Book, 5th ed. New York: American Society of 
Refrigerating Engineers, 1943, p. 391. 
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TABLE 11.3 

Maximum Load, Btu per Hour in Freon-12 Evaporators for Each Circuit‘d 


Equivalent 
Length of Pipe 
or Tube per 
Circuit, ft 



O.D. of Tube, 

in. 



i 

h 

1 

3 

4 

1 

1 

li 

40 

1,130 







50 

1,010 




1 



60 

920 

2,400 






70 

850 

2,200 

4,300 





80 

795 

2,050 

4,000 





90 

755 

1,950 

3,800 





100 

720 

1,850 

3,550 

5,800 

8,400 



110 

685 

1,770 

3,410 

5,550 

8,000 



120 

655 

1,690 

3,270 

5,300 

7,700 



130 

625 

1,620 

3,120 

5,100 

7,400 



140 

605 

1,550 

3,010 

4,900 

7,120 



150 

585 

1,500 

2,900 

4,750 

6,850 

11,800 

13,100 

200 

510 

1,295 

2,500 

4,100 

5,950 

10,250 

11,400 

250 

455 

1,150 

2,225 

3 , 650 

5,300 

9,200 

10,100 


415 

1,050 

2,030 

3,320 

4,900 

8,350 

9,200 

350 

385 

965 

1,900 

3,075 

4,500 

7,700 

8,500 


360 

910 

1,770 

2,860 

4,250 

7,250 

7,950 

450 

340 

850 

1,670 

2,700 

4,000 

6,850 

7,500 


320 

810 

1,550 

2,550 

3,700 

6,400 

7,100 

550 

310 

770 

1,490 

2,430 

3,550 

6,100 

6,800 

600 

295 

740 

1,430 

2,320 

3,400 

5,900 

6,500 

650 

285 

705 

1,370 

2,220 

3,300 

5,700 

6,250 

700 

272 

680 

1,320 

2,150 

3,200 

5,450 

6,000 

750 

263 

650 

1,270 

2,080 

3,100 

5,300 

5,800 

800 

225 

630 

1,230 

2,015 

2,990 

5.100 

5.620 

850 

^ 4 • 

610 

1,200 

1,950 

2,900 

4,990 

5,450 

900 


595 

1,160 

1,905 

2,800 

4,850 

5,300 

950 


580 

1,135 

1,850 

1 

2,750 

4,725 

5,150 

1 ,000 


570 

1,120 

1,820 

2,700 

4,600 


1 , 100 


1 

» ♦ # ♦ » 

1,070 

1,730 

2,550 

4,400 


1 ,2(K) 



1,015 

1,650 

2,450 

4,200 


1 , 3(K) 



970 

1,580 

2,350 

4,030 

4,450 

1 ,400 



940 

1,525 

2,260 

3,900 

4,300 

1 .500 



905 

1,480 

2,190 

3,750 

4,150 

1 




1 .430 

2 110 

3 625 

4.000 

1 , 700 




1 .380 

2 060 

3 525 

3,900 

1 . 800 





2.000 

3 450 

3,780 

1 , 900 





1.960 

3.350 

3.680 

2,000 





1,900 

3,260 

3,580 


'‘Itoiii Ififrifjenilimi Ihita Hook, 5th ed. New York: Americnii Society of 
Jirfn^cratin^ Knirin,.,., s, muj, p. 390. 
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TABLE 11.4 

Multiplier Table for Table 11.3’^ 


Evaporator Temperature 


Temp. Diff. 

-20 

-15 

-10 

-5 

0 

5 

10 

15 

20 

25 

30 

10 

.69 

.77 

.86 

.96 


1.18 

1.31 

1.45 

1.59 

1.74 

1.90 

15 

.86 

.97 

1.08 

1.20 

1.32 

1.46 

1.61 

1.78 

1.95 

2.13 

2.32 

20 

1.00 

1.12 

1.23 

1.37 

1.51 

1.68 

1.87 

2.06 

2.27 

2.49 

2.71 

25 

1.14 

1.28 

1.42 

1.57 

1.73 

1.90 

2.10 

2.31 

2.55 

2.81 

3.08 


surface film coefficient fo is constant, and if the outside surface area Ao 
can be increased considerably without increasing the average surface 
temperature ts too much, the rate of heat transfer will be increased. By 
using extended surface or fins on the outside of the tube, this increase can 
be obtained without changing the refrigerant flow. Therefore, as a 
matter of economy, refrigerant evaporators should be of the extended- 
surface or finned-tube type wherever practical. In order to keep the 
average surface temperature down, a good bond between the fin and tube 
is essential. Integral fins formed out of the tube itself are best in this 
respect and give the best heat-transfer rate per pound of metal used (see 
Fig. 11.8). Nevertheless, most air-cooling coils are of the bonded-fin 
type similar to the sections shown in Figs. 11.15 and 11.16. 



Fig. 11.16. Continuous-plate fin-coil section. Courtesy 

McQuay, Inc. 


From Refrigerating Data Book, 5th ed. New York: American Society of 
Refrigerating Engineers, 1943, p. 391. 
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across it and discharsod directly into the space or (list rihuted through a 
system of ductwork to the rooms to be cooled. Unit coolers are very 
much like unit heaters, consisting!; of a coil. pi()p(‘llei'-lyp(‘ fan. and th(* 
necessary controls, and are suspended in the space to 1)0 cooled, ddiey 
are used in refrigerators and coolers of all types excei)t the small domestics 



Fig. 11.18. Small unit oooU'r witli li(iui<l-.suction heat 

exchanger. C'ourtesy McQuay, Inc. 


boxes, ^^^lon refrigerant temperatures below 32 F are reejuired, some 
means of defrosting must be employed. Coils having only two to three 
fins per inch are recommended then instead of those having seven or eight 
per inch, which are used when there is to be no frost formation, \\diere 
extreme frosting occurs, it is often better to use plain tubes or prime 
surface evaporators, or possibly' to provide some means for reducing the 
extreme frosting, such as a vestibule with a cooling coil in it. 

Space temperatures around 0 F are less difficult to maintain than those 
around 30 F, since the low-temperature frost is less sticky and more snow- 
like, and easily blown off the surfaces. 

Forced-air coolers are more efficient than gravity circulation units; 
less cooling surface is required and higher evaporator pre.s.sures can be 
used, thus saving on compressor power input. The evaporator tem- 
perature must be higher than for gravity coils if exposed food products 
are in the space, in order to prevent excessive dehydration. Small unit 
coolers have replaced many of the old ceiling-mounted or wall-mounted 
iron-pipe gravity coils like those shown in Figs. 1.1 and 1.5. 
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Air velocities from 300 to 000 fpm across the coil face are used; gen- 
erally the range is between 400 and 500 fpm. 





I'ig. 11.19. Circular unit cooler. Courtesy Peerless of 

.\nierica, Inc. 


Various types of unit coolers 

p 



11 .'jn 2.‘) < u It reach-in 
reft it;ct;i for w if (i ;i Hill* ( 'our- 

t •■<y Koch I »rl M 1 1 .1 - 


1 lie I ciiipera I lire dilference. 

in 'I'nble 1 


ire shown in Figs. 11.18, 11.10, and 1 1.20. 
Note the liipiid-suction heat-exchanger 
and expansion-valve connections in 
Fig. 11.18. 

11.13. Gravity Coils. Coils of 
scale-free iron pipe were used exten- 
sively for cooling air by gravity circu- 
lation before extended-surface evap- 
orators were developed. Pipes of 1 
to 2 in. diameter wore generally 
formed into coils for mounting on the 
ceiling or wall or wore used as shelves. 
For such coils, heat-transfer values 
vary from 1.0 to 2.3 IHu per (hr)(sq 
ft) (F), increasing as the temperature 
dilTerence increases and also as the 
space temperature is increased with 
C’apacities for 1-in. pipe coil are given 

came into use, tinned copper coils 
^’arious types of gravity coils are 


nu tjiyl rliloiiilc aihl tin* Fn'oiis 
were' (h- \ I tnr 'ii.Hvil v air cooling. 
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shown in Fig. 1 1.21, and a typical gravity air cooler with double conden- 
sate collectors is shown in Fig. 1 1.22. These gravity assemblies are used 
primarily in commercial refrigeration fixtures where it is not feasible to 
use unit coolers because of space 


limitations or because of objections 
to fans or motors. Suggested loca- 
tions of coils and baffles are shown 
in Fig. 11.23. Baffles are often 
placed near the coils to improve the 
air circulation, and the location of 
the coil as well as the temperatures 
involved affect the heat-transfer 
rates. Previously unpublished test 
results of Priester indicate that when 
no baffles were used, locating a 
finned gravity coil 3 in. below the 
ceiling increased its capacity 33*| per 
cent over that at a location 1 in. be- 
low the ceiling. However, when the 
coil was located 7 in. from the ceil- 



a 




c 

Fig. 11.21. Gravity air-cooling coils. C.'ourtcsy Peer- 
less of America, Inc. 

ing, the capacity was 50 per cent over that at 1 in., or only 12J per cent 
over that at 3 in. 

Ratings for finned coils are difficult to predict, so that capacities pub- 
lished by reliable manufacturers must be used. In general, heat-transfer 
values from 0.4 to 2.0 Btu per (hr)(sq ft)(F) are recommended, decreas- 
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ing as the fin space is decreased and as the number of rows in height is 
increased. 


TABLE 11.5 

Pipe Coil Capacities, Cravity Air Circulation’® 
Btu/(hr)(lin. ft) for l-in. standard or extra-heavy pipe 


Refrig. 

Fixture Temperatu 

re, F 


Temp., F 







-20 

0 

20 

30 

40 

25 


• • 4 • 

% % 4 4 


11.1 

20 





16.2 

15 



4 • 4 4 

9.3 

21.0 

10 


9 9 * * 

9 4 4 4 

12.7 

25.8 

5 


• « » • 

7.5 

16.3 

30.4 

0 


• % 4 ^ 

11.0 

19.9 

34.9 

- 5 



14.6 

23.5 


-10 



18.4 

27.5 


-15 


7.5 

21.6 

1 



-20 


11.0 

24.8 



-25 


14.6 




-30 


18.3 




-35 

7.3 

21 .5 





Additional surface over the amount computed to handle the load 


should be used for direct-expansion gravity evaporators, 


to allow for some 



Fig. 11.22. Cravity air-cooling unit. Courtesy 

Mct^uay, Inc. 

superheating of the vapor. This additional surface is called the drier 
surface. Some manufacturers recommend 25 per cent additional surface 
for “drying” unless a liquid suction heat exchanger is used. 


‘® Refrigerating Data Hook. 5th cd. 
Engineers, l‘.l-13. p. 389. 


New York: Aiuoricnn Society of Refrigerating 
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(a) Walk-in refrigerator, “ W” is over 8 ft. 



Figs. 11.23, (a), (6), (c), (d). 

Suggested gravity-coil and baffle locations in 
refrigerators. Courtesy Peerless of America, Inc. 



(d) Reach-in refrigerator. 
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11.14. Plate Evaporators. The plate type of evaporator is replacing 
other types of gravity coils to a great extent. Refrigerated plates similar 
to those shown in Fig- 1 1 24 are used in many home freezers, display cases, 
refrigerated trucks, beverage coolers, ice-cream cabinets, locker plants, 



(a) (^) 


I'iK. 11.24. l‘latc-typ(' evaporators («) (oiirtesy IVerlcss of America, Inc. 

(6) ('oiirte.sy The Yoder C’o. 



! tu I I 2 'k IMiite evaporators in a freezer cabinet. 

(’ourti'sy Kold-Ilohl Mfg. Co. 

and so on. Manut id unus of plates rocomniond using heat-transfer 
coefTicient^ var\ iiig Iruin 1.5 to 2.5 Htu i>er (hi'Hsq ft)(F), using the 
area of both siih s of (he j)lates. \\4u'n plates or coils are used as shelves 
with th(‘ pro'luri lo be chilled resting directly on them, the heat-transfer 
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coefficient is increased 15 to 25 per cent. One metliod of applying plates 
to a freezer unit is indicated in Fig. 11.25. 

11.16. Liquid Chillers. Various types of refrigerant evaporators are 
used for chilling liquids. The simplest consists of submerged pipe or 
tube coils usually placed around the sides of a tank. A heat-transfer 
rate in nonagitated water of 30 Btu per (hr)(sq ft)(F) is recommended 
for direct expansion coils and a rate of 40 for hooded coils. \’alues of 20 
may be used for direct expansion coils and 25 for flooded coils in brine 



Fig. 11.20. 15audelot-lypo liquid cooler. Courtesy York 

Corp., York, Penna. 


baths above 0 F. These values decrease somewhat with a decrease in 
liquid temperature. 

Shell-and-coil coolers and shell-and-tube coolers, very much like the 
condensers of the same name, are also used, particularly for chilling water 
or brine, which is then pumped to air cooling coils in various parts of a 
building. Automatic protection against freezing should be provided 
when water is to be chilled to a temperature below 40 F. 

Double-pipe chillers similar to condensers have been used in dairy, 
beverage, and oil plants. Baudelot-type coolers similar to Fig. 11.26 are 
generally used in dairy and beverage plants, where liquids must be cooled 
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to temperatures near freezing and where the cooler must be cleaned fre- 
quently. The evaporator of the cooler is a vertical coil of tubing some- 
times covered by a stainless-steel plate formed around the coil and in 
contact with it. Sometimes the plate is stamped to form the coil itself. 
The liquid to be cooled is distributed across the top and flows down over 
the chilled surfaces. No damage is done should the liquid freeze at 
times. The refrigerant coil is usually operated flooded, and a refrigerant 
injector nozzle is often used. A special design, using concentric vertical 
cylinders with the refrigerant in one annular space and water flowing down 
over both the inner and outer surfaces, has been used successfully in many 
beverage plants. One disadvantage of the Baudelot cooler is that the 



A • ROOM CONDITIONS, 0* OUTSIDE AIR CONDITIONS, 

E * COIL INLET CONDITIONS, C * COIL EXIT CONDITIONS, 

B ■ APPARATUS DEW POINT 

A*' C' > (A'‘ B')( I ‘ COIL SY‘PASS FACTOR) 

Fig. 11.27. Psychromctric diagram for cooling- 

coil application. 

liquid being cooled is at atmospheric pressure and is not in a closed 
system. This condition may reciuire extra pumping equipment. 

11.16. Evaporator Selection. In the discussion of air-conditioning 
loads it was suggested that the room load be divided into sensible- and 
latent-heat totals. The ratio of the room sensible heat load to the room 
total heat load is called the room sensihle-heat ratio. This ratio is used 
to select tlie evaporator-coil temperature and the air quantity required. 
The air h'uving the coil must be cool enough to absorb the sensible heat 
and dry enough to absorb the latent heat in the room. Ordinarily a given 
set of desired room conditions and a fixed room sensible-heat ratio can 
be satisfied by oidy one temperature for a given coil. This temperature, 
called the apparatus dew-point temperature^ is equal to the dew-point 
temperafiin* of the air wliere the room sensible-heat-ratio line intersects 
the saturation line on a psychromctric cliart. This intersection can be 
shown on a psychromctric chart, as in Fig. 11.27. Line XY represents 
the locus of possible leaving-coil conditions for the coil used. Point A 
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is at the room conditions, and AB the line representing the room sensi- 
ble-heat ratio. The required leaving-coil condition is at point C where 
XY and AB intersect and is maintained by controlling the coil-refrigerant 

temperature. 

In order to obtain the desired room conditions, each pound of satu- 
rated supply air will pick up sensible heat equal to its specific heat times 
the difference between the room dry-bulb temperature and the apparatus 
dew-point temperature. Each pound of saturated air will also pick up 
total heat equal to the difference between the enthalpy at the room con- 
ditions and the enthalpy at the apparatus dew point. The ratio of the 
sensible heat to be picked up to the total heat to be picked up is also 
the room sensible-heat ratio. Expressed in equation form, 


Room sensible heaj ^ room sensible-heat ratio 
Room total heat 

_ 0.24 (room dry bulb — apparatus dew point) 


( 11 . 10 ) 




After the sensible-heat ratio has been determined, the necessary appa- 
ratus dew-point temperature is found by a cut-and-try procedure with 
equation 11.10 or from a table previously made from calculated values^’ 
by means of equation 11.10. The cfm of air to be cooled by the coil can 
then be calculated from the equation 

room sensible heat, Btu per hr 

cfm = 1 Qg M _ bv-pass factor) (room d.b. — apparatus dew point) 

( 11 . 11 ) 


Should equations 11.10 and 11.11 indicate an apparatus dew point 
and air quantity that for some reason are not desired or feasible, it is 
suggested that a change in the room conditions be tried, using the comfort 
zone of the effective temperature chart (Fig. 10.1). New conditions of 
about equal comfort may be found that will change the sensible and latent 
loads slightly, and, when used in equations 11.10 and 11.11 with the 
revised sensible-heat factor, will indicate a more desirable apparatus dew 
point and coil air quantity. In certain critical industrial or commercial 
applications involving product conditioning, the room conditions cannot 
be altered, and artificial sensible heat is sometimes added to the load by 
means of reheat coils in supply air ducts, electric heat sources m the 
space, and so on. Since this additional heat raises the apparatus dew 
point and the compressor suction temperature required, it may not 
increase the total power and operating costs even though the total 

refrigeration load is increased. 


” Manv engineers have used values of sigma heat content or total heat content in 
place of enthalprvalues, since they have been easier to determme and the resultmg 
accuracy is sufficient for all but the most special installations. 
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The coil refrigerant temperature required is selected from the rating 
tables of coil performance based on the grand total heat load, including 
the outside air load. If no by-pass factors are given, the coil manufac- 
turer generally furnishes other data that can be used for selecting coils. 
(The average four-row air-conditioning coil of seven fins per inch has a 
by-pass factor of 0.2.) 

Most air-conditioning applications have coils three to eight rows deep 
in the direction of air flow. In general, more rows of coil result in less 
air and higher refrigerant-temperature requirements. Also, the lower 
the room sensible-heat ratio, the greater the number of rows of coil usually 
needed to give the most economical balance of total equipment required. 

When, due to lack of reliable information on the amount of latent heat 
from the product in the space, it is not possible to obtain the sensible-heat 
ratio, the apparatus dew point or coil temperature must be based on a 
selected dilTerence between the room temperature and coil temperature. 
Maximum values of this temperature difference and maximum room air 
velocities for various products are given in Table 11.6. 

Gravity coils and plates are selected from manufacturers’ tables, based 
on the total room load and the desired dilTerence of room temperature 
minus refrigerant temperature. The refrigerant temperature is selected 
at a given temperature difference below the desired room temperature. 
This temperature difference depends upon the relative humidity desired 
in the room. The higher the relative humidity wanted, the smaller the 
temperature difference shouhl be. Relative humidity is important only 
where exposed products are to be kept in the room. The following gen- 
eral temperature dilTerences between refrigerant and room dry bulb are 
recommended on the basis of experience: 


Fresh or cut meats, poultry, cheese, eggs, fresh 
fruits, fresh vegetables, and so forth 

Dried and smoked meats, dried fruits, dried 

vegetables, iced fish, and products in wooden j- • • * -20 to 25 F 
containers I 

Canned, botfh'd, or moistureproof sealed con-1 Any temperature 

tainers or products 1 difference 


I 15 to 20 F 


An econoinir l>alance of equipment cost and operating cost determines 
the 0 [)tiniuni relrigf'iant temperature for water chillers. A low refrig- 
erant tempera! ure nH|uires less cooling surface than a high one but greater 
conqjressor (^•lI>acity and power requirements. 

Fxa:\iplk (1.4. Select tlie apparatus dew point and cfm required for the 
load shown in Fig. lO.S. 
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TABLE 11.6 

Recommended Maximum Temperature Difference and Air Velocity 
FOR Various Commodities with Forced Convection Cooling^® 


Commodity 

Maximum 
Temperature 
Difference, F 

Maximum Air 
Velocity, 
ft/min 

Beef (quarters) 

12 

40 

Beer (wooden kegs) 

12 

40 

Berries 

12 

40 

Butter 

12 

40 

Cheese 

12 

25 

Citrus fruits 

12 

40 

Cut meats 

12 

25 

Dried vegetables 

16 

60 

Eggs (crated) 

12 

40 

Fish (iced) 

16 

60 

Flowers (cut) 

12 

25 

Fruits : 



Dried 

16 

60 

Fresh 

12 

40 

Lamb (halves) 

12 

40 

Lard 

20 

100 

Malt 

20 

100 

Maple sugar 

20 

100 

Maple syrup 

20 

100 

Meats: 



Dried 

16 

60 

Hams (fresh) 

12 

40 

Loins (fresh) 

12 

40 

Sausage (bulk) 

12 

25 

Smoked 

16 

60 

Nuts (dried) 

16 

60 

Onions 

16 

60 

Oysters 

16 

60 

Pork (halves) 

12 

40 

Poultry (fresh) 

12 

40 

Sausages 

12 

40 

Veal (halves) 

12 

25 


»«Froin Refrigerating Data Book, 5th ed. New York: American Society of 
Refrigerating Engineers, 1943, p. 396. 
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Room sensible heat = 84,900 Btu per hr 
Room total heat = 92,800 Btu per hr 

Grand total heat = 105,000 Btu per hr 

Room conditions: 80 F d.b., 67 F w.b., 31.51 Btu/lb enthalpy 


Room sensible-heat ratio 


84,900 

92,800 


0.92 


Solution: 


Assuming 58 F apparatus dew point, 


For 59 F, 
For 00 F, 


0.24(80 - 58) 
31.51 - 25.12 
0.24(80 - 59) 
31.51 - 25.78 
0.24(80 - 00) 
31.51 - 26.46 


0.24 X 22 
6.39 


= 0.83 (too low) 


- = 0.88 (too low) 
o. /3 

0.24 X 20 

— — — = 0.95 (too high) 

o«0o 


If the room conditions were changed to 80 F dry bulb, 66 F wet bulb, the 
latent heat load would be changed slightly: 


Outside air 375 cfm X 44.2 X 0.2 X 0.67 — 2,200 Btu per hr 


People 
Gas burner 


25 X 180 =* 

4.500 


700 


7.400 

+ 10% 

700 

Room latent heat — 

8,100 

Room sensible heat = 

84,900 


Room total heat — 93,000 Btu per hr 


84,900 

93,000 


= 0.91 room sensible heat ratio 


375 ofm X 0.15 X 0.8 X 1.08 = 8,900 

375 X 44.2 X 0.8 X 0.67 = 5,000 

Grand total heat = 106,900 

Again trying 58 F apparatus dew point but 80 F d.b., 66 F w.b. 

0.24(80 - 58) 0.24 X 22 

30.72 - 25.12 “ 5.60 ” 


Usually it is not economical to design applications for apparatus dew points 
much above 58 F. For this particular problem a 58 F design apparatus dew 
point is r(‘coiiini(Midcd. This would produce room conditions of 80 F dry bulb 
and 00 to 07 wet l)ulb, re(|uiring less than 106,900 Btu per hour total cooling. 

The coil-air (juantity, using a four-row coil, is 


84,900 


(1 - 0.2)(80 - 58)1.08 


“ 4500 cfm 


One manufacturer makes a faetory-assornblod unit using a four-row coil of 
9 .sq ft face area, whieli produces an air velocity of 500 fpm. This unit is a little 
smaller than those recommended for quiet applications but should be satisfactory 
for this industrial application. 
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11.17. Defrosting. Various metliods of removing the frost accumula- 
tion on evaporators are used. When the space temperature is above 32 F, 
forced-air convectors can be defrosted by letting the fan run during the 
off-cycle periods of the compressor. The normal off-cycle period, how- 
ever, is usually not long enough to defrost gravity convectors, and the 
compressor must be shut off manually. 

In rooms held at temperatures below freezing, some artificial means 
of defrosting must be employed. When large pipe coils or plates are used, 
particularly on installations of older design, the frost is allowed to accu- 


SUCTION LINE 



NORMAL OPERATION - COO OPEN.E.F.OaH CLOSED 
DEFROSTING A - D,E O G OPEN.C.FOH CLOSED 

DEFROSTING B ** C,F a H OPEN ,0,E a 6 CLOSED 

Fig. 11.28. Hot-gas defrosting system. 

mulate for several weeks or months and is then scraped off manually. 
This is a disagreeable task. In the meantime the frost tends to insulate 
the coil, resulting in inefficient operation. 

Hot-gas defrosting is used on many installations. The equipment 
then is piped and valved so that the operations of the condenser and 
evaporator can be interchanged. To defrost the regular evaporator, hot 
vapor from the compressor is discharged to it, melting the frost as the 
refrigerant condenses, and the regular condenser serves as an evaporator. 
Precautions must be taken to prevent trapping the oil and freezing the 
condenser. Figure 11.28 is a schematic diagram of a two-evaporator 

system. 

When large factory-assembled unit coolers are used, intake and dis- 
charge ducts with diverter dampers to a space outside the cooler can be 
added. In order to defrost, the dampers are repositioned, cutting off air 
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circulation to the cooler and circulating air from and to the space outside 
the cooler. 

For temperatures not too far below freezing, brine spray units serve 
very well. These units resemble the evaporative condenser, as shown 
in Fig. 11.29. The coil is a refrigerant evaporator, however, and some- 
times is finned. A portion of the drain tank is partitioned off and filled 



Ki^;. 11.29. Hrinc-spray \init cooler. Courtesy Carrier 

C orp. 


witli sail. 'V\w. concentrated salt solution overflows into the main part 
ol th(‘ drair\ tatik and tends to maintain the spray solution at a constant 
coruM'titral ion. Sodium brines have higher freezing temperatures than 
calcium brines, (’alciurn brines, however, should not be sprayed if 
exijosed food |)roducts are in the cooled space. 

A waU'r .s])r;iy used periodically over the coil (see diagram, Fig. 11.30) 
is one ot most siua essful defrosting methods. It is becoming widely used, 
pai t icularly lor I he higher t<‘mperatures. The by-pass connection is 
suggested to pre\ <'nt tlw' drain from freezing up. Other special defrosting 
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WATER 

SUPPLY 


Fig. 11.30. Water-defrosting system. 



Fig. 11.31. Electric heater-defrosted unit 
cooler. Courtesy Bush Mfg. Co. 


methods employ heat exchangers, electric heaters, and other devices, but 
the water spray is the simplest for many applications. 

One company has introduced an automatic water-defrosting device 
that is connected to the fan motor of a unit cooler. When, because of 
additional coil resistance from frost accumulation, the current to the fan 
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motor increases to a predetermined value, the fan is stopped, the liquid- 
line solenoid valve is closed, and the water solenoid valve is opened. 
After a fixed interval the water solenoid is closed, the water is allowed to 
drain, and the cooling cycle is started again. 

A unit cooler with self-contained electric resistance defrosting equip- 
ment is shown in Fig. 11.31. The electric elements are visible on the face 
of the unit. 

For rooms at 0 F and colder, the installation of a separate entrance 
room or space is recommended, with a gravity coil located there to keep 
the temperature about 36 F. Most of the moisture from the entering 
air will collect on this coil, thus requiring less freejuent defrosting of the 
coils in the main freezer space. 
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PROBLEMS 


11.1. How many feet of l-J- X 2-in. double-pipe condenser are necessary for 
each pound of ammonia vapor when condensing at HO F if 15 gpm of water enter- 
ing at 70 F are available? I.«aving water at 70 F. 

11.2. Determine the most economical condensing temperature for a 10-ton 
I’rcoM-12 system at 40 F evaporator if water at 75 F is available at $1 per 1000 
cu ft jind electric power costs 2.5 cents per kilowatt-hour. What would be the 
cost of ojXMation in cents per hour? 

11.3. (a) Approximately how much air would a cooling tower need to handle 
at 95 F dry hull) and 7H F wet bulb to cool 100 gpm from 100 F to 85 F? Assume 
that air leaves tlie tower at 95 F and 90 per cent saturated, (b) Calculate the 
rate of water evaporation. 


11.4. Determine (a) room sensible-heat ratio, (b) apparatus dew-point teni- 
j>eratuie, and (c) cfm of air to be cooled if the coil by-pass factor is 0.2 for the 
following load figures; room sensible beat, 84,000 Btu per hour; room latent heat, 
16,000 Btu j)ei' hour; room air conditions, 78 F and 55 per cent humidity. 


11.6. How many ecjual and parallel F-12 circuits should be used for an 
18,000 JR,u per liour water-chilling unit made of ^-in.-O.D. tubing? The average 
water tempiMature i.s 4.) I and the coil is at 35 F. There are forty-eight 180-deg 


bends. 
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11.6. How many feet of 1-in. gravity pipe coil are needed for a 0 F room 
if the cooling load is 3 tons and the coil temperature is —20 F? 

11.7. Determine the dehumidified-air quantity and apparatus dew-point 
temperature required for a vegetable-storage room at 32 F and 90 per cent 
relative humidity if the room sensible-lieat load is 20,000 Btii per hour and the 
total room load is 28,800 Btu per hour. The coil by-pass factor is 0.6. An 
additional 12 per cent air quantity should be provided to allow for frosting of the 
coil. 

11.8. For 80 F dry bulb and 67 wet bulb the subtotals are calculated to be 
394,000 Btu per hour room sensible heat and 330,000 Btu per hour room latent 
lieat. (In addition miscellaneous items are 15 per cent of room sensible and 10 per 
cent of room latent subtotals.) Calculate the apparatus dew point and air 
quantity for a four-row coil (by-pass factor is 0.2). If this gives impractical 
results, change the design and recalculate as follows: If there are 1000 people, of 
whom 500 are dancing half the time and the rest remain seated (see Table 10.12), 
and the room conditions are changed to 76 F dry bulb and 66 F wet bulb (occu- 
pants’ sensible heat increases 20 per cent and latent heat decreases accordingly), 
determine the new apparatus dew point and dehumidified-air quantity, using an 
eighWow coil (by-pass factor is 0.0); 10,000 cfm of outside air is used. Outside 
conditions are 88 F dry bulb and 76 F wet bulb. Neglect infiltration and the 
difference in transmission gain for the two conditions (see Fig. 10.8). 

11.9. Experimental data for a clean condenser tube indicate the following 
U values at the turbulent water velocities shown: 833 at 7.45 ft per sec, 500 at 
3.15, 370 at 1.89, and 294 at 1.25. Tests on a used tube give 589 at 7.45, 400 at 
3.15, 334 at 2.2, and 250 at 1.25. If the tube is copper with inside and outside 
diameters of 0.902 and 1.0 in., respectively, calculate the vapor-side coefficient. 

11.10. Determine the air quantity required for a 32 F room at 90 per cent 
relative humidity if the room sensible heat is 18,700 Btu per hour and the room 
total heat is 27,600 Btu per hour. Assume 0.5 by-pass factor and add 33 per cent 
air because of frost formation on the coil. 


CHAPTER 12 


Refrigeration Piping 


12.1. Purpose. Pipe or tubing is used to convey the refrigerant from 
one unit to tlie next in a refrigeration system. In a simple cycle the mass 
rate of refrigerant flowing from each unit is the same, but the properties 
of the refrigerant, particularly the phase and the density, differ. There- 
fore, in order to use the most economical pipe, from the point of view of 
heat transfer and friction as well as pipe cost, pipe of different sizes is 
recommended for the different parts of the system. Furthermore, oil is 
carried with the refrigerant leaving a reciprocating compressor, and means 
for returning it to the crankcase must be provided. Pipe of the proper 
size aids the return of oil. This m\ist be considered, particularly if oil 
separators are not used. The pipe must be of a material that will not 
corrode or react with the refrigerant. Fittings and types of joints should 
be selected that are economical, easy to install, and remain leakproof. 

In the selection of pipe sizes, bot h pressure drop and velocity must be 
considered. The pipe size should not be so small that the friction loss is 
excessive or objectionable noise is generated due to high velocity. Nei- 
ther should the pipe size be so large that excessive piping cost and poor oil 
return result. The ideal velocity depends on the state of the fluid, the 
(juantity of refrigerant to be circulated, and the pressure drop. 

12.2. Materials. Copper tubing is generally used for Freon-11, 
Fre()n-12 and Freon-22. It has also been used for the other Freons, 
methyl chloride, and sulfur dioxide. There are two general classifications 
of copper tubing: (1) small-diameter dehydrated tubing and (2) so called 
“water’' tubing classified as Types K, L, and M in ASTM Specification 
1 ^ 88 .' 

d'he first comes in soft temper and is dehydrated at the mill. Gen- 
erally il is in coils of 50 to 100 ft, with the ends sealed to keep air and 
inoistur(‘ out. It is acc(‘ptable for connections in and around the smaller 
sized units. 'I'he liftings and joints are usually of the flared type. The 
tube wall thickness is 0.035 in. and the most common sizes are given in 
Table 12.1. 

Types (\, 1,, and W tubing come in both soft and hard temper. The 
sftft tubing is made in coils of 30 to (iO ft in sizes to H in. O.D. All sizes 

' .Most <ii l)ir inini in this .section is ndHpted from Crocker, S., Piping 

Ila/nlhnok-, nil nl. Nrw \ ork : Me( Jrnw-l lill Book Company, lac., 1945, Chap- 
ter XV’ I. 
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TABLE 12.1 

Smali./-Diameter Copper Tubing — 0.035-in. Wall, Thickness* 


Outside dia., in. 

J. 

s 


1 

4 


3 

5 


1 

2 

5 

3 

4 

Weight, lb per ft 

0.038 

0.065 

0 . 092 

1 

0.118 

1 

0.145 

0.172 

0.198 

0.251 

0.305 


in both hard and soft temper are available in 20-ft lengths. The outside 
diameter of each type is i in. larger than the nominal or standard water- 
tube size. In refrigeration work the size is usually identified as the out- 
side diameter; but to avoid confusion in specifying or ordering tubing, 
It should be clearly indicated whether the size given means nominal size 
or outside diameter. Dimensions of the three types are given in Table 

12 . 2 . . . 

The weight of tubing to select depends upon the application. The 

ASA B9 Safety Code for Mechanical Refrigeration states that soft 

annealed copper tubing erected on the premises shall not be used in sizes 

over i in.; that Type L tubing or heavier must be used for field assembly, 

and Type M or heavier for shop assembly. 

Copper or any of its alloys must not be used with ammonia. Brass 
and other copper-alloy pipes or tubing are sometimes used with the 
other refrigerants but are generally confined to condenser or evaporator 

tvibss 

The ASA B31 Standard Code for Pressure Piping, 1942, ’ prohibits 
the use of aluminum-base alloys for Freon-12 and methyl chloride, of 
magnesium-base alloys for all Freons and methyl chloride, and of zmc 
for methyl chloride. Any materials may be used with carbon dioxide 
and also with sulfur dioxide, provided no moisture is present. 

The weight and bulk of seamless-steel, welded-steel, wrought-iron, 
and cast-iron pipe, and the type of fittings they require, prevent their 
widespread use with the Freon refrigerants except in sizes above 5 in. 
These are the only materials used to any extent for ammonia, how- 
ever Dimensions of welded and seamless steel pipe are shown in 
Appendix Table A.21 for Schedide 40 (standard) and for Schedule 80 
(extra strong) thicknesses. The ASA B9 Safety Code states that for 
ferrous pipe the refrigerant ivorking pressure shall not exceed 250 psi m 
Schedule 40 pipe; Schedule 80 pipe shall be used for sizes smaller than li 
in. carrying liquid refrigerant; and pipe thinner than Schedule 40 shall 

not be threaded. 

. From Crocker, S., Piping Handbook, 4th ed. New York: McGraw-Hill Book 

tdes '’are avafebie from the American Standards Association, 70 East 
45th Street, New York 17, N.Y. 



276 


REFRIGERATION PIPING 


[§ 12.2 


TABLE 12.2 

Dimensions of Copper Tubinc* 


Xomiiial 

Size, ill. 

Outside 
Diameter, in. 

Wall Thickness, in. 

Type K 

Type L 

Type M 

1 

¥ 

.250 

.032 

.025 

.025 

1- 

.375 

.032 

.030 

.025 

i 

.500 

.049 

.035 

.025 

1 

3 

.625 

.049 

.040 

.028 

& 

S' 

.750 

.049 

.042 

.030 

i ; 

.875 

.065 

.045 

.032 

1 

1.125 

.065 

.050 

.035 

u 

1.375 

.065 

.055 

.042 

11 

1.625 

.072 

.060 

.049 

2 

2.125 

.083 

.070 

.058 


2.625 

.095 

.080 

.065 

3 

3.125 

.109 

.090 

.072 

31 

3.625 

.120 

.100 

.083 

4 

4.125 

.134 

.110 

.095 

5 

5.125 

.160 

.125 

.109 

6 

6.125 

.192 

.140 

.122 

8 

8.125 

.271 

.200 

.170 

10 

10. 125 

.338 

.250 

.212 

12 

12.125 

.405 

.280 

.254 


The strength of a pipe is determined by its thickness, 
(’ode recpiires a thickness based on the equation 





The Piping 


( 12 . 1 ) 


where x 

V 



minimum wall thickness, inches 

maximum internal pressure plus allowance for brittleness 
at h)w temperatures (2 per cent per degree below 0 F for 

I ^5 rri 1 2Xil , none for copper), psi 
()uLsi(l(' pipe diameter, inches 

all()wal)l(‘ stress in material duo to p (see Table 12.3), psi 
allowaiiee, in inches, for threading, mechanical strength, and 
corrosion, as follows: 


‘ ( nan American Society for Testing; Materials Standard Specification for Clipper 
Uater I'uhe. Serial HSH-tO. Table II, A.5.7’.A/. Book of Standards, Part IB, Non- 
Ferrous Metals, IMiila<le!pliia, 19-10. 
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Threaded pipe, under ^ in 0.05 in. 

Threaded pipe, ^ in. and over 0.065 in. 

Grooved pipe Depth of grooves 

Plain end ferrous, under H in 0.05 in. 

Plain end ferrous, li in. and over 0.065 in. 

Plain end nonferrous 0.0 in. 


TABLE 12.3 

Allowable S Values of Stress for Refrigeration Pipe® 


Seamless Steel Grade A 12,000 psi 

Seamless Steel Grade B 15,000 

Lap Welded Steel 9.000 

Butt Welded Steel 6,800 

Electric Resistance Welded Steel 10,200 

Lap Welded Wrought Iron 8,000 

Butt Welded Wrought Iron 6,000 

Seamless Red Brass 4,700 

Copper 4,000 

Ordinary ferrous metals are not to be used below —60 F, and other 


materials must meet special tests. Steels of 3 to 4 per cent nickel are 
generally acceptable for quite low temperatures, and 18 per cent chrome, 
8 per cent nickel steels are satisfactory for very low temperatures.® 

In order to comply with ASA Codes B31-1 and B9, the minimum 
design pressure should be two-thirds of the test pressure given in Table 
12.4, These codes specify: 

(a) Every refrigerant containing part of every system shall be tested and 
proved tight by the manufacturer at not less than test pressures in Table 12.4. 

(b) Every refrigerant-containing part of every system that is erected on the 
premises, except compressors, safety devices, pressure gauges and control mecha- 
nisms, that are factory tested, shall be tested and proved tight after complete 
installation and before operation at not less than test pressures in Table 12.4. 

(c) No oxygen or any combustible gas or mixture shall be used for testing. 
[Carbon dioxide or other dry inert gas should be used.] 

12.3. Joints and Fittings. Flanged, screwed, soldered (sweated 
capillary) or flared compression-type joints may be used with nonferrous 
piping. Flanged, screwed, or welded-type joints are used for ferrous pipe. 

Welding has been gaining universal acceptance and is displacing the 
use of flanged and screwed fittings. Butt-welding fittings are used for 
nominal sizes of 2 in. and larger; socket-welding fittings are used for sizes 
under 2 in. Rules and procedures are given in the Piping Code. 


5 From American Standard Code for Pressure Piping, ASA B31.1. New York: 
American Societv of Mechanical Engineers, 1942, Table 42. 

« Joint ASME-.4STM Research Committee on the Effect of Temperatures on the 
Properties of Metals, Impact Resistance and Tensile Properties of Metals at Sub- 
atmospheHc Temperatures. American Society for Testing Materials, August, 1941. 
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TABLE 12.4 
Test Pressures’ 


Hefrigerunt 

1 

Chemical 

Minimum Test 
Pressure, psi 

Formula 

High- 

Pressure 

Side 

Low- 

Pressure 

Side 

AmiTionifL 

NHa 

300 

150 

Iiuta.nG 

C4H,o 

90 

50 

C^arhon dioxido 

CO,. 

1500 

1000 

Kr 6 ‘on -12 

CCbFj 

235 

145 

Freon-114 1 

C,C1.,F4 

80 

50 

Carre^no No. 1 

CH.Cb 

30 

30 

Freon-21 

CHCbF 

70 

50 

I )i(*hlorooth vlono 

C.HaCb 

30 

30 

fOtlian© 

CoHc 

1100 

600 

vl cliloridc 

CaHsCl 

60 

50 

Isohiitanc 

(CHalaCH 

130 

75 

Mcthvl chloride 

CHsCl 

215 

125 

Mothvl forniato . . . . 

HCOOCI-h 

50 

50 

Pronano 

C 3 H 9 

325 

210 

Sulfur dioxide 

SO. 

170 

95 

Kreon -1 1 

CC 13 F 

50 

30 


150 F 

115 F 




Screwed joints, including screwed-on flanges, are limited to not over 
3 in. nominal size for pressures up to 250 psi, not over li in. for pressures 
above 250 psi, and not over 4 in. for brine. Extra-heavy fittings are 
reciuired for copper and brass. Exposed threads should be tinned or 
otherwise coated to prevent corrosion. 

Flanged joints have been used for pipe of all sizes. Standards have 
been proposc'd but have not been agreed upon by the manufacturers, so 
that variations in dimensions are found. The most recent development 
of a standard for ammonia flanged fittings has been dropped because of 
the de(!reasod use of ammonia and the increased use of welding for steel 
pipe. The Piping Code specifies that for refrigeration, flange faces shall 
be of th(‘ retained gasket type, and manufacturers* standards are of the 
t ongue-and-groove type. 

Flared compression fittings are allowed only for annealed or soft cop- 
p(‘r tubing not over ^ in. O.D., with the additional condition that all 
jolnis be visible for inspection. This type of joint is easily and quickly 
mad(‘ and is used (extensively in domestic and commercial refrigeration 


' From .American 
American Societv of 


Standanl (Axle for Pressure Piping, .AS.V 
Meclianical Engineers, 1942, Table 41. 


H31.1. 


New York: 
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installations. The fittings are of forged brass and are made in accordance 
with SAE starnlards. 

When an3^ copper tubing over i in. is used on an installation, all the 
joints are usually soldered. Hard-temper tubing is used to make a neat 
appearance. Fittings of cast red brass or die-j^ressed, viought, oi 
extended brass or copper may be used, but wrought copper is preferred. 



(r) 

Pig. 12.1. Four Stops in Making a Solder Joint: («) ('loaning both tube and 
fitting. (fc) Applying flux to tube and fitting. (r) Tinning tube and fitting. (d) 
Heating and adding solder to fill joint, ('ourtesy Crane Co. 


The joints are a socket-sleeve or sweated capillary type with a clearance, 
caused by a diameter difference, of from 0.002 to 0.009 in. It is very 
important that both surfaces be clean and polished and that a good flux 
be used. The joints are then put in place, well heated with a torch, and 
the solder applied. The solder flows by capillary action over the surfaces, 
bonding them together. Figure 12.1 shows the four steps recommended 
for soldering stainless steel tubes. » These steps apply eciually to soldering 
copper tubing. Soft solders, 50-50 tin and lead or the better 95-5 tin and 


«Scabloom. Eric R., “Welding .\lloy Steel Piping.” 
Conditioning^ Vol. 18, No. 12 (December, 1946), p. 79. 


Heating, Piping and Air 
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lead or tin and antimony with melting points under 450 F, and hard 
solders, silver alloys with melting points over 1000 F, are used. Most 
shop joints are silver-soldered or brazed. The Piping Code specifies hard 
or silver solder on tubing over -g in. 0.0. or if over 20 lb of refrigerant is 

in the system. 

12.4. Supports and Expansion. The pipe connecting the units must 
be supported securely to minimize vibrations and stresses on the joints. 
Metal hangers, brackets, straps, or clamps are usually used. These 
supports should be at intervals not over 40 times the outside pipe diameter 
and should not restrain thermal expansion and contraction or cause exces- 
sive stresses at critical points. Codes re<iuire metal sleeves on pipe 
passing through any building structure material. 

Although slip-type expansion joints are prohibited for refrigerant 
piping, a refrigerating system must still be designed so that undue stresses 
from temperature change are not created, flexibility is usually obtained 
by bends or ofTsets or by installing at least three elbows, even in the 
shortest lines, when hard-temper tid)ing or rigid pipe is used. Copper 
and brass expand about 50 per cent more than steel or iron, but the tem- 
perature ditTerences encountered in refrigeration arc usually not so great 
as those in steam piping. 

12.6. Friction. The pressure drop or friction in straight pipe can be 
calculated as explained in (diapter 8. Fittings also cause pressure drop. 
For handling water or similar licpiids, the resistance of each fitting is 
expressed in an e<iuivalent number of elbows having the same pressure 
drop. The resistance of an elbow is approximately equal to that for a 
pipe of the same size having a length 25 times the diameter. More 
accurate data is given in the Piping Handbook.^ In handling refrigerants, 
the resistance of all fittings is usually expressed as that of an equivalent 
length of the same size pipe. Values for fittings of standard-weight pipe 
and of Type I.. coi)per tubing are given in Appendix Table A. 22. The 
actual pipe length is a<lded to the total ecpiivalent length of all the fittings 
in the line to obtain the total etiuivalent length, which is then used to 
determiru* the total pressure drop for the line. 

Flbows with a radius of curvature from 2 to 4 times the pipe diameter 
have a minimum pressure tlrop. Radii of 4 to G diameters are very little 
better than radii of 1.5 to 2 diameters. In the longer radius elbows the 
distvirbance is less h\it occurs through a longer length. 

12.6. Sudden Velocity Changes. A sudden change in the cross- 
sectioT\al an^a across which a fluid is flowing causes a change in velocity 
accompani(‘d by a loss in available pressure. The energy losses when the 
veIo(’ity decnaises are generally greater than when it increases. The loss 
due to a sudden ('xpansion is 


^ Crock<T, S., Oft. n't., pp. 05-102. 
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Ap = 


( r, - ^ 

29 \ 2g 


psf 


(12.2) 


where subscripts 1 and 2 refer to the small and large cross-sectional areas, 
respectively. 

The loss due to a sudden contraction is about 0.7 of the loss for a sud- 
den expansion. It can be calculated from the proposed formula**^ 




where 


C = 0.582 + 


2g 

0.0148 


psf 


(12.3) 


1.1 — d\/ci2 


12.7. Liquid Lines. The refrigerant flowing from the condenser to 
the expansion valve is normally all in the liquid state, and it is desirable 





% 

i - • 

Fig. 12.2. Liquid-suction heat exchanger. C'ourtcsy Superior Valve Fittings Go. 

that it be slightly subcooled. When a separate receiver and condenser 
are used, two lines are involved. In such cases the receiver is usually 
close to the condenser, and the short interconnecting line is installed at 
the factory on the modern equipment. Even on sj'stems whose condenser 
and receiver are assembled in the field, the connecting pipe is not very 
long. In any event, it should be of ample size and sloped down toward 
the receiver from the bottom of the condenser to prevent its becoming 
gas-bound. A velocity under 120 fpm is recommended. 

The line from the receiver to the expansion valve is best designed for 
a pressure drop of about 2 psi, with 10 psi as the maximum to be con- 
sidered. A velocity between 100 and 250 fpm is recommended. The 
pressure drop should not be so great that the reduction in refrigerant 
pressure can cause vaporization ahead of the expansion valve. Of course 
a loss in static head or pressure, due to the evaporator being at a higher 
elevation than the condenser and receiver, also can cause vaporization. 

WTien there is a possibility that vaporization of some of the liquid will 
occur ahead of the expansion valve, means for cooling the liquid should 


Crocker, S., op. ci7., p. 103. 
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be provided. On some installations the sucUon line from the evaporator 
is made larger than for normal design and the liquid line is run inside it. 
On other installations a special liquid-suction heat exchanger such as 
shown in Figs. 12.2 and 11.18 is used. These devices help keep the liquid- 
line refrigerant subcoolcd and the suction-line vapor superheated, both 
desirable procedures. The magnitude of the drop in li(iuid-line pressure 
for each foot of static liquid head is not always appreciated. Approx- 
imate values are as follows: 


Ammonia 

Carbon dioxkle. 
Sulfur dioxide. . 
Methyl chloride 

Freon- 1 1 

Freon-12 

Freon-21 

Freon-22 


0.26 psi per ft 
0.33 
0.60 
0.40 
0.64 
0.57 
0.60 
0.51 


Keeping the liquid-line pressure drop small makes available a higher 
pressure at the entrance to the expansion valve, which m return mcreases 

the capacity of the valve. -j 

Test results on pressure drop of liquid Frcon-12 and of methyl chloride 

have been reported and compared favorably with ca,lculated values, 

assuming 0, 5, and 10 per cent mixtures of oils having various viscosities. 

The calculations indicate, for example, that in a |-m.-O.D., 90 F Freon-12 

line for 10 tons, 5 per cent of 500 Saybolt oil increases the pressure drop 

from 7 psi for pure Freon-12 to IG psi per 100 ft. With 10 per cent oil 

the pressure drop is 24 psi per 100 ft. For the same conditions the effect 

of temperature with 5 per cent oil is indicated by the following values of 

pressure drop: 15 psi at 80 F, 16 psi at 90 F, and 18 psi at 100 F, all per 


100 ft of pipe. u K 

If the receiver is above the evaporator, a vertical loop should be 

installed 6 ft up, directly after leaving the receiver, to prevent liquid from 

siphoning into the evaporator through leaking valves during shutdown. 

Idquid-line solenoid valves are also recommended. 

12.8. Suction Lines. More careful consideration must be taken m 
designing and sizing the vapor refrigerant line from the evaporator to the 
compressor than for the other lines. As previously pointed out, a reduc- 
tion in suction pressure at the compressor, with other factors held con- 
stant, means an appreciable reduction in capacity and more power input 
per ton of refrigeration, d'heridore. the pressure drop in the suction line 
should be a minimum so that the suetion pressure at the compressor will 
be as near th(‘ refpiiri'd suction ])ressure at the evaporator as is practical. 


o(lvn.T\. t‘. Jind Willson. K. 

Refrigeration LCrujiun’mig. \'ul. 3U, 


S., Pressurr nroi> in Uefrigoraut laquid Lines. 

No. 2 iV'i'hruiiry. 1940), pp. 103—106. 
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Comparatively high velocities, 500 to 5000 fpm, may be used. The 
optimum value depends upon the refrigerant and the operating pressure 
range and usually is between 1000 to 2000 fpm for the Freons. When 
the Freons or methyl chloride ai*e used, the return of oil to the compressor 
must be considered. For these refrigerants, even at light loads, the 
minimum velocity shall be 500 fpm for horizontal runs and 1000 fpm for 
vertical runs. Too high a velocity, however, creates noise problems so 
that the maximum desirable velocity for a heavy vapor like carbon dioxide 
is about 1300 fpm. It is recommended that the suction line on the ordi- 
nary installation be designed for a total pressure drop of about 1 to 2 psi 
if the velocity can be kept within the limits specified. 

Since the properties of a refrigerant vapor change appreciably with 
a change in pressure and temperature, the suction line must be designed 
for the proper operating conditions. Table 12.5 shows the approximate 


TABLE 12.5 

Approximate Suction-line Capacity Factors for Equal Pressure Drop of 

Freon-12^* 


Saturated suction temperature 

50 

40 

30 

20 

10 

0 

-10 

-20 

Factor 

1 .09 

1.00 

0.92 

0.86 

0.80 

1 

0.74 

0.66 

0.56 


comparative capacities that can be carried with the same pressure drop 
in a given suction pipe at various saturation temperatures. 

Figure 12.3 shows recommended methods of installing the liquid and 
suction lines when the evaporator is (a) above the compressor, (b) on the 
same level, and (c) below the compressor. Figure 12.4 shows suction 
piping for multiple evaporators (a) above one another and connected to 
a compressor above them, (b) above one another and connected to a 
compressor below them, and (c) all on the same level. Trapping the evap- 
orator helps prevent liquid slugs from reaching the compressor. In 
multiple evaporators it also prevents possible liquid and oil slopover of 
one evaporator from affecting the operation of the thermostatic expansion 
valve's thermal bulb on another evaporator. The thermal bulb should 
be installed near the top of a horizontal section of the suction line on the 
coil side of any possible oil trap. 

Results of tests to determine the pressure drop in Freon-12 and methyl 
chloride suction lines, were found to check against calculations using 


Determined from values in Table 5, ACRMA Equipment Standard 620. Wash- 
ington, D.C.: Air Conditioning and Refrigerating Machinery Association, 1946. 

Gygax, E., Willson, K. S., and Clark, G. H., “Pressure Drop in Suction Lines.’* 
Refrigeration Service Engineer ^ December, 1938. 
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equation 8.3 with values of the friction factor/ taken from a curve plotted 

in terms of a slightly modified Reynolds number. 

12.9. Discharge Lines. Discharge lines, sometimes called hot gas 
lines, refer to refrigerant connections between the compressor and the 




(b) EVAPOBATOR AHO CONOENSINO UNIT ON SAME LEVEL AND SUCTION 
AT BOTTOM OF COIL 


EVAPORATOR 






1 CONDCNSEfl 


N' 


LOOP LIQUID LINE 
6 FT ABOVE 
CONDENSER 


SUCTION 
1 / 


NOTE'THERMAL EXPANSION VALVE 
BULB SHOULD NEVER BE LOCATED 
IN A SUCTION LINE TRAP WHERE 
LIQUID MIBHT COLLECT. 


(c) evaporator below condenser and suction at bottom of coil 

Fin- 12.3. Suction and liquid-lino piping. 

eonderi-ser. Air-cooled, most water-cooled, and some ovaporative-cooled 
condensing units are factory-assembled as a complete self-contained unit 
including motor, comprt'ssor, and condenser. The discharge line is then 
a part of th(' assembly, designed and installed by the manufacturer. 
When a separate or nunote condenser is used, the discharge line is installed 
on t he job. 

As in suction-line design, an increase in pressure drop in the discharge 
line means that the compressor must operate between a greater pressure 
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differential and will require more horsepower per ton of refrigeration. 
However, the effect per unit of pressure increase at the discharge of a 
compressor is not so great as the same unit of pressure decrease at the 
suction of the compressor. The actual comparison may be illustrated 


TO 

COMP. 



TO 

COMP 


EVAPORATOR 




EVAPORATOR 


EVAPORATOR 





ALTERNATE METHOD 



: j 


EVAPORATORS AND COMPRESSOR ON SAME LEVEL AND SUCTION 
AT MIDDLE OF COILS 


TO 

COMP. 


Fig. 12.4. Multiple-evaporator suction-line piping. 


by plotting the published ratings of a Freon-12 refrigeration compressor 
as shown in Fig. 12.5. The ratings for a machine operating at a constant 
speed indicate that the capacity at constant condensing or discharge 
varies much more per psi change in suction pressure than the capacity 
at constant suction pressure varies per unit change in discharge pressure. 
The difference in the horsepower per ton variation with psi pressure 
change, though not so great, still indicates that a change in suction pres- 
sure has more effect than a change in discharge pressure for the range 
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shown. This fact further emphasizes the importance of proper suction- 
line sizing as stressed in the preceding section. 

The velocity range in discharge lines is 1000 to 5000 fpm, except for 
carbon dioxide, where noise limits the maximum to about 1300 fpm. A 
pressure drop of 2 to 4 psi is recommended for the discharge line. 

FREON COMPRESSOR OPERATION 
AT CONSTANT SPEED 



SUCTION PRES. PSI6 0 10 20 30 40 90 

l in- 12 ■>. lOlTcct «»f ((iinprossor dischargo aial suction pressure vari- 
ations on capacity. 

If the condensi'r must be above the compressor or in a space at a tem- 
pc'rature high(*r than that occupied by the compressor, a vertical U”loop 
should be installiMl directly after the pipe leaves the compressor and before 
it rises. If the condenser inlet is at the bottom, a loop must be made up 
to the top of the condenser before the line enters it. These precautions 
prevent licpiid from draining into the compressor during shutdow’n. 

12.10. Pipe-Size Selection. Refrigerant lines of proper size should 
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be used instead of pipe or tubing arbitrarily selected to match the 
connecting fittings furnished ^vith the various pieces of equipment. 
Appendix Tables A. 23 through A.26 give pressure-drop data for the com- 
monly used refrigerants. In general, line sizes for Freon-22 are smaller 
than for Freon-12 and larger than for methyl chloride. Ammonia lines 
are smaller than those for other commonly used refrigerants. 

Example 12.1. Determine (a) the sizes of Type L copper tubing to use for 
a 10-ton Freon-12 system operating at 110 F condensing and 40 F suction tem- 
peratures for the liquid, suction, and discharge lines and having the lengths and 
fittings indicated, and (b) the same but at 90 F condensing and 0 F suction. 

Discharge Line Liguid Line Suction Line 

20 ft 20 ft 20 ft 

4 elbows 4 elbows 4 elbows 


Solution: 

(a) From Appendix Tables A.25 and A.26, If-in.-O.D. discharge, |-in.-O.D. 
liquid, and If-in.-O.D. suction appear satisfactory. By Table A. 22 the equiva- 
lent length of elbows would then be 16 ft for the discharge, 8 ft for the liquid, 
and 16 ft for the suction line. 

With 10 degrees subcooling and with saturated vapor leaving the evaporator, 
the rate of refrigerant flow is 


200 

^ 82.71 - 31.16 


2000 

51.55 


38.8 lb per min 


At 40 F evaporator the pressure drop for the suction line is 


4.22 psi X 


36' 

100 ' 


1.52 psi for 36 ft 


The pressure drop increases about as the square of the rate of flow. Con- 
verting from the 10.2 ton capacity given in Table A.25 for 10 psi drop, the pressure 

drop in the liquid line will be 



X 10 psi X 


28 

100 


2.69 psi for 28 ft 


(b) At 90 F condensing and 0 F suction the discharge line should be 2\ 
in O D and the Uquid line i in. O.D. By Table 12.5, the tonnage load to use for 
suction-line sizing would be 10 -5- 0.74 = 13.5 tons. According to the suction- 
line table A.26, a 2i-in.-O.D. line is required. Thus, larger suction and dis- 
charge lines should be used for these conditions than for those in (a). 

12,11. Moisture Removal. Although most refrigerating equipment 
and tubing is dehydrated at the factory and shipped with the connections 
plugged, capped, or sealed, some air and moisture enters the system during 
installation. It is very important that all the moisture be removed from 
the system no matter what the operating temperatures are to be. This 



288 


REFRIGERATION PIPING 


[§ 12.12 


proraution is particularly to bo observed if the evaporator is to operate 
at a temperature below 32 F, where freezing at the expansion valve would 
restrict or stop the refrigerant flow. The majority of compressor seal 
failures luive been attributed to the presence of moisture. Air and moist- 
ure in a Freon or metliyl chloride system cause a hydrolysis, resulting in 
corrosion of steel parts and copper plating of seals and pistons. 

After the e(iuipment is installed, the piping completed, and the system 
purged and tested for leaks, it is recommended that a good high-vacuum 
pump be connected into the system and the entire refrigerant circuit 
evacuated. C'are .should be taken to note that all valves in the circuit 
are open. Not only air is drawn out by this process; any liquid water 
present vaporizes and is drawn out if sufficient time is allowed. When a 
high vacuum, 0.2 in. Tig or lower absolute pressure, has been attained, the 
pump may be shut off an<l the connection to it closed. The low pressure 
should be retained in the system. If it is not, some liquid is still vapor- 
izing or there are leaks in the system. This procedure should be repeated 
or corrections made until a vacuum can be held. Additional details of 
the proc(‘dure may be found in service manuals. 

Many contractors have relied upon the insertion of chemical driers, 
installed after purging the system, to remove the remaining moisture and 
have not used vacuum pumps. This procedure is not recommended for 
.systems of over 3 hp. When the evaporator temperature is to be below 
32 F', a (lri(‘r is sometimes installed even after a vacuum pump is used. 

Driers are iisually copper cylinders fitted with tubing connections at 
each end. d'he recommended desiccant charge is silica gel or activated 
alumina. The drier must be kept airtight until installed; otherwise the 
chemical will absorb moisture from the atmosphere and will soon become 
saturated and inelTective. Typical dehydrators are shown in Fig. 12.6. 
Scre(Mis surround the tubing connections. The desiccant can be replaced 
thiough the plugged fop opening in the drier in Fig. 12.6a and through 
th(‘ bolt(‘d cap on the end of tlie drier in Figure 12.6/>. 

12.12. Water Piping. Water is often needed in part of a refrigerating 
system. In most installations it serves as the cooling medium for the 
cond<‘n.s(‘r. In some' it is also chilled and pumped to the cooling coils. 
WluMi used fnr ( (indt'iising, water is i>iped from city mains, from wells, 
from a rcsci \ <)i( . (o and from a cooling tower, or through an evaporative- 
condenser spra\' circuit, ^^dlen the system is closed and relatively simple, 


which is usunlly th(‘ case, a water velocity from 3 to 10 fps proves most 
economical. When (be allowable pressure drop is limited, the piping 
must be d(‘sigiH‘(l ac(*ordingly. 

Iron pipe is usually used, and (he water friction chart in the Appendix, 
F'ig. I. may la* applied. For t)ump systems it is recommended that 
t h(* pipe be sized for a pn*ssure drop \iiuler 4 psi per 100 ft. and at a veloc- 
ity under 0 fi)S. A\'hen water is taken from city mains, the piping should 



§12.13] 


REFRIGERATION PIPING 


289 


be designed so that the pressure drop is not great enough to cause too 
small a flow during periods of minimum available pressure. 

12.13. Brine Piping. When a brine is chilled and serves as the cooling 
medium, it must be pumped through a pipe system. Since the density 



r “ 



( 6 ) 

Fig. 12.6. Rcfrigerant-line dehj'drators. (a) Coxirtosy Automatic Products Co. 

(6) C’ourtosy Henry Valve Co. 


of brine is greater than that of water, the frictional resistance is greater. 
The usual procedure in sizing brine pipe is to use brine friction multipliers 
with water friction charts or tables. Figures A. 5 and A. 6 in the Appendix 
give suggested brine multipliers to be used. The most economical brine 
velocity is between 4 and 7 fps. 

Example 12.2. What size pipe should be recommended for handling 30 gpm 
of (a) water and (b) 10 F calcium chloride brine with a specific gravity of 1.20? 
Each will flow in a 50-ft line having 1 globe valve and 6 elbows. What would 
be the approximate pressure drop? 

Solution : 

(a) From Fig. A. 4 in the Appendix a in. pipe indicates a pressure drop 
of 3.4 psi per 100 ft. From Appendix Table A. 22 a globe valve equals 42 equiva- 
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lent feet and an olhnw 4 equivalent feet. Therefore the equivalent length is 

50 + 42 + X 4 = 116 ft 

For water the pressure drop would be 3.4 X , 

(b) For the brine, from Fig. A.6. the multiplier is 1.425. The pressure drop 

then would be , > « ,r • 

1.425 X 3.4 X iU = 5.62 psi 

12.14. Pumps. Since most water or brine systems in refrigeration 
work kre not too complicated, the proper selection of a pump is not diffi- 
cult. \Mien a pump is ordered, the gpm and head must be specified. 
The gpm is determined when selecting or designing the equipment in the 
system. The head is determined by first computing the total equivalent 
length of pipe and fittings and multiplying by the friction loss per unit 
length. To this, for an open system, must be added the vertical lift. 
For a closed system, provision or allowance must be made for originally 
filling the system, including air elimination and elevating the liquid in a 

vertical system. t r i.u 

The power required to drive a pump may be computed from the 

equation 

, gpm X ft head X sp gr X 8.33 /j 2 4 ) 

“ yj X 33,000 

Example 12.3. What pump power would be required m Example 12.2 if 
the pump efficiency is 60 per cent and there is a vertical lift of lU It. 

Solution: 

.30 X (3.94 X 2.3 10) X 1 X 8.33 _ ^ 

(a) for water: hp - ^ ^ 33^000 

30 X (5.62 X 2.3/ 1 .20 -H 0) X 1 .20 X 8.33 _ ^ ^ 

(h) for the brine: hp = ~ 0.60 X 33,000 ‘ ^ 

12.16. Accessories. Valves of various types and strainers and sight 
glasses art' installed in refrigerant lines. Expansion valves, solenoid 
valves, and pressure regulating valves are explained in Chapter 14. All 
these accessories usually arc made with sweat-type solder connections 
for use in copper-tubing linos or with threaded connections for use in 
steel or ot her t hreaded pipe linos. If these solder connections are lacking, 
adui>ters (screwed to soldered fittings) must be used. During installation 
of theriiud exjian.-^inn \'alvos or other fluid-operated valves, the assembly 
eoMlaining llie fluid should be removed to prevent possible damage from 
overheafing with the torch. 

'I’he use of hand shutotT valves shoidd be kept at a minimum since 
they iu( reas(‘ flu* possibh* sources of leaks. They are used with multiple 
units or dual |>iiung whi'ie it is necessary to close off part of the system 
oeeasioiially. Both packed and packlcss valves are available. Many 
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engineers prefer the packless type because of reduced leakage around the 
valve stem. Typical valves are shown in F'igs. 12.7 to 12.13. 

r' 

t 



iMg. 12.7. Packlcss-dijiphragrn refrigerant-line valv'e. 

Courtesy Imperial Hrass Mfg. Co. 



Fig. 12.8. Offset packless valve. Cour- Fig. 12.9. Three-way packless valve, 
tesy Kerotest Mfg. Co. Courtesy Kerotest Mfg. Co. 


Strainers, preferably of the Y type, in which the screen can be removed 
without dismantling the piping, should be installed just ahead of the 
expansion valves or solenoid valves in the liquid-refrigerant line. One 
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strainer per evaporator is usually sufficient. A strainer should also be 
placed in the water line just ahead of the water regulating valve when a 
water-cooI('d condenser is used. A typical strainer is shown in Fig. 12.14. 



Fig. 12.10. Packle.ssglolie valve. Gour- 
te.sy K(Tot(*st Mfg. Go. 



I 

Fig. 12.11. Packed offset valve. Cour 
tesy Kcrotest Mfg. Go. 



l ig. 12 12. Shut-ofT valve. 


Goiirtesy Kcrotest Mfg. f'o. 


Siglit. glasses an* available but are seldom used on commercial instal- 
lations. IIowe\(‘r, they now are being installed in some factory-assem- 
bl(Ml units, as shown in Figs. 18.1 and 18.3. It is always advisable to 
install a sight glass in the liciuid line just ahead of the expansion valve 
when the evaporator is above the condenser. It then is easy to see 
whether any of the liquid has vaporized before entering the expansion 
\;d\'e. 

X ibratlon eliminators are available for connection in copper lines 

4 

wh(‘i‘e ( lierc is a poss ibility of pipe* vibration, as when the compressor is 
mounted on a floating or springy base. \ ihration eliminators usually 
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Fig. 12.13. High-prc.ssurc relief valve. 
Courtesy Kerotest Mfg. Co. 



Fig. 12.14. Refrigerant liquid-line strainer. Courtesy 

Henry Valve Co. 



Fig. 12.15. Vibration eliminator. Courtesy American Metal Hose Branch 

of American Brass Co. 
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consist of a bellows-typc section of copper-alloy tubing covered with 
woven copper wire, as shown in Fig. 12.15. 
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PROBLEMS 

12.1. Calculate the difference in pressure between the bottom and top of an 
F-12 licpiid line 20 ft high at 70 F. 

12.2. What size liquid, suction, and <lischarge lines would you recommend 
for a 100 ton load at 1 U) F condensing and 33 F suction temperatures if each is 
.'>0 ft long? Refrigerant is Freon-12. 

12.3. What size lines shoidd be vised for a 20 ton load at 90 F condensing 
Miul -20 F suction (a) for F.12? (b) for ammonia, if each is 20 ft long? 

12.4. A J-in.A).D. liciuid line carries F-12, which is subcooled 10 F and is at 
70 lA f(ir ;i0 ft with 4 elbows and 1 globe-type valve in the line. Define the 
state of the icfiigerant by stating how much subcooling or what per cent vapor 
would be in the line at the end of 30 ft when the end is 15 ft above the starting 
point, ('apaeity of system is 10.5 tons. 

12.5. (a) wiiat .<ize i)ii>e woidd you recommend for 20 gpm of sodium chloride 
brine fspe. ifie giavitv I AO) flowing for 100 ft with S elbows and one angle valve. 
'\^) W liat woul-i the pK'ssure drop be? (c) What hp motor would be required 
if 1 m. th the pump am! nujtor arc 50 per cent efficient? Brine is at 20 F. 

12.6. fa) ( ah iilati' the pressure drop when liquid F-12 at 70 F flows from 

a ^ih.-(t.l). pipe into a 2l-in.-OA). i)ii)e. if the velocity in the smaller pipe is 
1.0 fp^^. (b) ('aleulat<‘ the pressure loss on reentering a ^-in. pipe from the 

2g-in. tul»e. I'sv* Type I. copper pipe, see p. 276. 
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12.7. Determine the discharge-, liquid-, and suction-line sizes for a 15-ton 
methyl chloride system with a 20 R evaporator and 86 F condenser, if the equiva- 
lent length of each line is 30 ft. Could F-12 at the same conditions be used in 
these lines? Compare values. 

12.8. What size chilled-water pipe would you recommend to carry 60 gpm 
in a closed system, if there are 80 ft of pipe, 8 elbows, 2 globe valves, a coil, a 
chiller, and a pump? The resistance of the coil and chiller totals 20 ft of water. 

12.9. What size water condenser pipe should be used if the minimum city 
pressure is 30 psi? The pipe is 90 ft long with 9 elbows and 1 globe valve. The 
resistance of the water regulator and condenser for the 15 gpm required is 20 psi. 
What pump head is required? 

12.10. How much water will flow through a 1-in. steel pipe 100 ft long with 
10 elbows and 3 globe valves, if there is a 10-ft lift and 20 psi pressure is available 
at the start? 
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CHAPTER 13 


Multiple Evaporator and Compressor Systems 

13.1. Applications. In many refrigeration installations different 
temperatures are required at various points in the plant. This is true 
in various industrial plants and in hotels, institutions, large restaurants, 
and food markets where food products of all kinds are received in large 
quantities and stored at different temperatures. For example, the differ- 
ent rooms in an establishment requiring the storage of fresh fruits, fresh 
vegetables, fresh-cut meats, frozen products, dairy products, canned 
goods, bottled goods, and ice cannot all be maintained at the same tem- 
perature and humidity. Water chillers, display cases, or other cooling 
equipment might also be included. 

Generally each location is cooled by its ovti evaporator in order to 
obtain more satisfactory control and for economy of initial and operating 
costs. However, the answers are not so evident to the questions of 
whether one compressor should serv^e all evaporators, whether each evap- 
orator should have a separate compressor, or whether an intermediate 
number of compressors should be used. Initial costs, operating costs, 
and space requirements must be considered. Comparative initial cost 
estimates can be obtained from equipment and installation estimates for 
the system under consideration. The theoretical power requirements 
necessary for an analysis of probable operating costs will be determined 
for several different combinations in the following sections. 

Each classification of system will be analyzed for the same temperature 
and cooling-load requirements of a given plant. There would be varia- 
tions in the comparative values for other temperatures or other loads, but 
the relative effectiveness of each system can be seen. It must be kept 
in mind that the following are theoretical analyses. Corrections for 
throttling at the valves, cylinder heat losses, the actual compression 
process, leakage, and other factors must be considered when dealing with 
actual equipment installations. In many cases, however, the theoretical 
comparison may be sufficient. 

For comparative purposes assume that a plant is to use Freon-12 
refrigerant for loads of 10 tons at 44 F evaporator temperature, 30 tons 
at 34 F, and 20 tons at 24 F; the condenser pressure is 139 psia; the liquid 
is subcooled 20 F; and the vapor leaves each evaporator dry-saturated. 
Isentropic compression will be assumed throughout. A pressure-enthalpy 
diagram for each system as well as a schematic piping diagram is included 
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with each analysis. Similar analyses for ammonia cycles are given in 
the Refrigerating Data Book.^ 

13.2. One-Compressor Systems. Three methods of using one com- 
pressor for three evaporators will be considered. 

All evaporators operating at the same temperature constitute one method 
of operation. However, this arrangement is not practical if food products 



ENTHALPY, BTU PER LB 

Fig. 13.1. All evaporators at same temperature. 

or other hygroscopic materials are to be exposed in the higher temperature 
rooms, since the large temperature ditTerential between the room air and 
(;oil may <l(*hydrate the product. This system may be used where tem- 
peraturt* control only is needed and where low humidity with no control 
can b(* tolerated. Such a system is diagrammed in Fig. 13,1. 

The refrigt'rating elTect in each evaporator is equal to the enthalpy 
difference (//„ at 21 F) — {h/ at 84 F) or 80.95 — 27.24 = 53.71 Btu per 
pound. The (juantitv of refrigerant circulated is (60 X 200)/53.71 = 

* Ucfrigt rating Data liooK\ 5tli od. New York: .\moricftn Society of Refrigerating 
Engineers, 1913, (’hjii)ter 2. 
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223.4 lb per minute. The theoretical power required is (91.15 — 
80.95) 223.4/42,4 = 53.6 hp. 

Individual expansion valves and hack-pressure valves are used in the 
second system, as showm in Fig. 13.2. The refrigerating effect in the 24 F 
evaporator is 80.95 — 27.24 = 53.71 Btu per pound. The rate of refrig- 
erant flow is (20 X 200)/53.71 = 74.5 lb per minute. 




Fig. 13.2. Individual expansion valves and back-pressure 

valves. 


In the 34 F evaporator the refrigerating effect is (82.05 — 27.24) = 
54.81 Btu per pound. The rate of refrigerant flow is (30 X 200)54.81 
= 109.5 lb per minute. 

In the 44 F evaporator the refrigerating effect is (83.15 — 27.24) = 
55.91 Btu per pound. The rate of refrigerant flow is (10 X 200)/55.91 
= 35.8 lb per minute. The total refrigerant flow is 74.5 + 109.5 -h 35.8 
= 219.8 lb per minute. The enthalpy of the vapor mixture entering the 
compressor is (74.5 X 80,95 + 109.5 X 82.05 + 35.8 X 83,15)/219.8 — 
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81.9 Btu per pound. The theoretical compressor work is (92.0 - 81.9) 
219.8/42.4 = 52.4 hp. 

Multiple-expansion valves and back-pressure valves may be used, as 
shown in Fig. 13.3. Ml the refrigerant flows from the condenser through 
the first expansion valve, where its pressure is reduced from 139 to 55.4 




I'ip;. 13.3. Multiple expausiou valves and baek-pressure valves. 


psia. .Vll I lie vapor formed hero plus enough liquid to take care of the 
10-ton load flows through the 44 F evaporator. The remaining refrig- 
erant then flows through the next expansion valve from 55.4 to 46.4 psia. 
All tli(' \'apoi forin(‘<l here plus enough liquid to take care of the 30-ton 
load flows through the 34 F evaporator. The remaining refrigerant then 
flows througli tin' third expansion valve and supplies the 20-ton load of 
tin' 21 1' e\ ai)orat(U'. As in the second system, back-pressure valves are 


installcil in tin' suction lines from the two higher-temperature evap- 
oiators in oiih'r to maintain their higher coil pressxires. All three suction 
lines an' connected to a common 38.6-psia suction line leading to the 


compn'ssor. 
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The refrigerating effect in the lowest temperature evaporator is {hg at 
24 F) — {hf at 34 F) = 80.95 — 15.65 = 65.30 Btu per pound. The rate 
of refrigerant flow required is (20 X 200)/65.3 = 61.3 Ib per minute. 

The refrigerating effect in the 34 F evaporator is {h„ at 34 F) — {h/ at 
44 F) = 82.05 — 17.91 = 64.14 Btu per pound. The quantity of refrig- 
erant needed is (30 X 200)/64.14 = 93.5 lb per minute. In addition, 
the vapor formed when the 61.3 lb per minute for the 24 F evaporator 
expanded from 55.4 to 46.4 psi passes through the 34 F evaporator. 
Since the quality of the mixture leaving the second expansion valve is 
0.034, this additional vapor is [0.034/(1 — 0.034)] 61.3 = 2.2 lb per 
minute. Therefore the total refrigerant flowing through the 34 F evap- 
orator is 93.5 + 2.2 = 95.7 lb per minute. 

The refrigerating effect in the 44 F evaporator is (Jig at 44 F) — [h/ at 
84 F, (104 F - 20 F)] = 83.15 - 27.24 = 55.91 Btu per pound. The 
quantitj'^ of refrigerant needed is (10 X 200)/55.91 = 35.8 lb per minute. 
The additional vapor flowing through the evaporator vdthout cooling 
effect is equal to [0.143/(1 — 0.143)] (95.7 + 61.3) = 26.2 lb per minute. 
The total refrigerant flowing through the 44 F evaporator is 35.8 + 26.2 
= 62.0 lb per minute. 

The total refrigerant used is 61.3 + 95.7 + 62.0 = 219.0 lb per 
minute. The enthalpy of refrigerant mixture entering the compressor 
is (61.3 X 80.95 + 95.7 X 82.05 + 62.0 X 83.15)/219.0 = 82.05 Btu per 
pound. The theoretical compressor work is (92.05 — 82.05)219.0/42.4 
= 51.7 hp. 

In the last two systems it is recommended that check valves be installed 
in the suction lines from each of the two higher-pressure evaporators. 

13.3. Dual Compression. Dual-effect compressors have two suction 
inlets drawing vapor in from two different pressure conditions. The 
lower-pressure vapor enters the cylinder as the suction stroke starts. 
Near the end of the stroke the second inlet port is uncovered and the 
higher-pressure vapor enters, raising the cylinder pressure enough to 
close the low-pressure intake valve. After the suction stroke is com- 
pleted, all the vapor in the cylinder is compressed and discharged. If all 
conditions remain constant, a given amount of vapor from each suction 
inlet will be compressed. A brief analysis of the power requirements 
will be given, patterned after the more detailed development presented 
by Sparks. 2 

It is assumed that the following items are known : the piston displace- 
ment, clearance, and per cent of stroke when the auxiliary port is opened 
in the compressor; the properties of the two entering vapors; the discharge 
pressure; and the pressure drop through each valve or port. Compression 
is assumed to be adiabatic. 

* Sparks, N. R., Theory of Mechanical Refrigeration, New York: McGraw-Hill 
Book Company, Inc., 1938, Chapter VIII. 
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The lower pressure vapor is subjected to throttling through the valves, 
to mixing with the clearance gas, and to warming by contact with the 
cylinder walls. None of these effects is of great magnitude, and it will 
be assumed that the heating by the cylinder walls counteracts the cooling 
effect of the throttling and of the clearance-volume vapor. It is assumed, 
therefore, that the temperature of the vapor in the cylinder when the 
auxiliary port is opened is the same as that of the vapor in the low-pressure 
line. 

The following symbols will be used: 


Internal energy = u 
Specific volume = v 
Total pressure = p 


* = .1 


Weight = ir 
Volume = V 
lOnthalpy = h 

Work = U'fc TTff 

Subscript 1 = lower suction pressure vapor 
Subscript 2 = higher suction pressure vapor 
Subscript 3 = discharge pressure vapor 
Subscript o = cylinder condition when port is opened 
Subscript m = cylinder condition when port is closed 
Subscript c = cylinder clearance volume vapor 

The cylinder volumes Vo and Vmj which are the same, may be cal- 
cvdated from the given data. Vo may be determined from the given 
properties for the vapor at 1. 

^ " (13.1) 


Then 


and 


or 


ir. + Wi = 




Wc + + ir. = 


1 


m 


m 




V 


rn 


2 (11% + 11%) 


(13.2) 

(13.3) 


if the admission of the higher-pressure vapor and the subsequent mixing 
an‘ considered a<liabatic, the following energy eiiuation may be written: 

(ir, -H ]Vi)Uo + = (ir. + (13.4) 

tk|uafion 13.4 assumes that the vapor already’’ in the cylinder, We + 
H'l, is static and contains internal energy*' onlj'' as compared with the 
Incoming vapor 11'-. which contains internal energy plus flow work. The 
latter, by dcdinition, is numericall.v equal to the enthalpy of IF*. The net 
input of energy by t he pist on as it moves from point o to point in is omitted 
in this development, since its effect is comparatively insignificant. It 
is equal to C.l X (/>„, — p.,) X (cylinder volume — yo)> where C is the 
cITective part of th(' “toe” of the p — v diagram. 

Substituting (/i„, — Ap,„v,„) for in equation 13,4 gives 

(11% + + nv„ = [()!% + It',) + - Ap„v„) (13.5) 
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Substituting from equation 13.3 gives 


c + + [^ - (W’c + Tr,) j 

= [(ir. + Tri) + ^ - (W. + TT\)] (h„. - Ap„v„) 


(13.6) 


Simplifying, this becomes 

hm hi - 1 


= Apm - ^ (.w, 4- 


— Uo) 


(13.7) 


m 


Simplifying further, since Wc + and Uo = ho — ApoVo, the 

right-hand side of equation 13.7 becomes 

, TFo , , 11^0 , Wo . 

Apm — -Tf- hi + TT' ^^0 “ t 7 “ ApoVo 

V 0 


but since 

the expression becomes 


Fo 

E_o = i 

Fo Vo 


Fo 


. hi . ho ApoVo 

Apm 

^ Vo Vo Vo 


or 


A{pm — Po) — 


{hi — ho) 


Vo 


Since the properties at o are the same as at 1, and pm — ?>2, 


then 




(13.8) 


Since both hm and Vm are unknown, it is suggested that a curve be 
plotted of the quantity {hm ~ h<^/Vm for pm, against temperature. Since 
the right-hand side of equation 13.8 can be evaluated, im can be deter- 
mined from the curve, and thus the other properties at m may be found. 

Since TF,, -|- TFi can be found from the data given for (F<,/Vo), Wi can 
now be determined from equation 13.3. The properties after isentropic 
compression, point 3, can be found now, so that IFc = Vc/vz. Then IPi, 
and thus IF3 = TFi -f- IF2 may be calculated. 

The theoretical power is 


{WJiz — W\hi — Wihi -h Q) 

42:4 


(13.9) 


and for adiabatic compression Q — 0. 

Individual expansion valves and dual compression may be applied as 
shown in Fig. 13.4. Using equation 13.8 for the dual compressor con- 
nected to the two lowest-pressure evaporators results in 
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h,n - 82.05 


V 


m 


144 X 7.84 
778 


- 38.58) - 


82.05 - 80.95 


1.043 


1.1 


1.043 


= 0.40 


When tjr, = 3G F, then hm = 82.4 and Vm = 0.88, which satisfies the above 




»0.98 


Fig. 13.1. IiuliviiUml expansion valves and a dual compressor. 


eciuation. 'rh(*n 


hz = 01.2 


^^'eig;ht of ndVigit'rant in the 24 F evaporator: 

... 20 X 200 

” ‘ = 81)795^^X1 = P*'*' 

For the 34 F evaporator, 

30 X 200 wmKM 
" = = 82.05 -^27.24 = P"*' 
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The theoretical power for the dual compressor is 

[(74.5 + 109.5)91.2 - 74.5 X 80.95 - 109.5 X 82.05] = 41.6 hp 



Fig. 13.5. Multiple expansion valves and a dual compressor. 


The power for the other compressor is 

10 X 200 ,, (90.35 - 83.15) 

83.15 - 27.24 ^ 42.4 


6.1 hp 


The total power is 41.6 + 6.1 = 47.7 hp. 

Multiple expansion valves and a dual compressor would be connected 
as shown in Fig. 13.5. The method of analysis is the same as with 
individual expansion valves but the weights of refrigerant handled are 
different. As explained in §13. 2^ 
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ir, 

U'o 


20 X 200 
^).95 - 15.G5 


= 61.3 lb per min 


30 X 200 
82.05 - 17.91 


0.034 X 61.3 
1 - 0.034 


95.7 lb per min 



COMPRESSORS 



104 F, I39PSIA 


ft4 f 


44 F, 50.4 PSIA 


54 P, 4S.4E PSIA 


£4 F, 58. SS PSIA 


£7.£4 


ENTHALPY, BTU PER LB 



ViiT. 13 .( 5 . 


IiHlivi(l\ial coiupro.'^.sors and individual expansion 

valves. 


TIk' ])i)\\ (*r for tlu* dnal compressor is therefore 


1 


I ((11.;? + '.)r>.7)',)1.2 - (11.3 X SO.'.lo - 95.7 X 82.05] = 35.4 hp 


12. 1 


'I’lic power for tlu' other eonipressor is 


It) X 200 0.113 , 

83.15 - 27.21 '■ 1 - 0.113 ‘ 


61.3) j ^ jp 5 


'I'lu' to(:il power is 35.4 10.5 = -15.9 hi>. 
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13.4. Individual Compressors. In a completely sectionalized plant 
there is a separate compressor for each evaporator, and either separate 
condensers or one main condenser is used. 

Using individual expansion valves, the system would be connected as 
shown in Fig. 13.6. The flow in the 24 F evaporator is (20 X 200)/ (80.95 



Fig. 13.7. Individual compressors and multiple expansion 

valves. 

— 27.24) = 74.5 lb per minute. The power required is 74.5(91.15 — 
80.95)/42.4 = 17.9 hp. 

In the 34 F evaporator the flow is (30 X 200)/(82.05 — 27.24) = 
109.5 lb per minute. The power required is 109.5(90.70 — 82.05)/42.4 

= 22.4 hp. 

In the 44 F evaporator the flow is (10 X 200)/(83.15 — 27.24) = 
r5.8 lb per minute. The power required is 35.8(90.35 — 83.15)/42.4 = 

6.1 hp. 

The total power is 17.9 + 22.4 + 6.1 = 46.4 hp. 

Using multiple expansion valves necessitates using only one condenser, 
and the system would be connected as shown in Fig. 13,7. 
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In the 24 F evaporator the flow is (20 X 200)/(80.95 — 15.65) = 
61.3 lb per minute. The power required is 61.3(91.15 — 80.95)/42.4 
= 14.7 hp. 

In the 34 F evaporator the flow is (30 X 200)/(82.05 — 17.91) = 
93.5 lb per minute plus the vapor formed when the 61.3 lb for the 24 F 



Fifi- 13.8. Coniponiul oonii)rossion with flnsh intorcoolers and 

individual expansion valves. 


evaporator expand.s from d l F to 34 ¥ and a quality of 0.034. This addi- 
tional \ jipor is [0.03 1 (1 — 0.034)]()1.3 = 2.2 lb per minute*. The power 
reipiired is (03.5 2.2)(00.70 - S2.05)/42.4 = 19.5 hp. 

In the 11 F evaporator the flow is (10 X 200)/(83.15 - 27.24) = 
35.8 lb per minult' )dus the vapor formed when the 61.3 lb and the 
95.7 11) e\j)an(l from SI F to 14 F and a quality of 0.143. This additional 
vapor is [0.143 (1 — 0.143))(61.3 -|- 95.7) = 26.2 lb per minute. The 
power re<piir(‘(l is 62.0(90.35 — 83.15) 42.4 = 10.5 hp. 

Tin* total power required is 14.7 + 19.5 + 10.5 = 44.7 hp. 
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13.6. Compoimd Compression. Isothermal compression, requiring 
less power than isentropic compression, can be approached more closely 
with compound or stage compression. Intercooling may be done econom- 
ically by allowing some of the refrigerant to by-pass the evaporators 
and be used in flash-type intercoolers. 



Individual expansion valves with compound compression and flash inter- 
coolers would be connected as shown in Fig. 13.8. The power for the low- 
pressure stage is 74.5(82.4 — 80.95)/42.4 = 2.55 hp. 

In the following intercooler the cooling effect required is 74.5(82.4 — 
82.05) = 26.1 Btu per minute. The amount of liquid refrigerant 
required is 26.1/(82.05 — 27.24) = 0.48 lb per minute. The power for 
the middle stage compressor is (74.5 -h 0.5 -j- 109.5) (83.4 — 82.05)/42.4 
= 5.87 hp. 

In the next intercooler the cooling effect required is (184.5) (83.4 — 





312 MULTIPLE EVAPORATOR AND COMPRESSOR SYSTEMS [§13.6 


83.15) = 46.1 Btu per minute. The amount of liquid refrigerant required 
is 46.1/(83.15 — 27.24) = 0.82 lb per minute. The power for the final 
stage is (184.5 + 0.8 + 35.8)(90.35 - 83.15)/42.4 = 37.6 hp. 

The total power required is 2.55 + 5.87 + 37.6 = 46.0 hp. 

Multiple expansion valves with compound compression and flash inter- 
coolers are shown in Fig. 13.9. The power for the first stage is 61.3(82.4 
- 80.95)/42.4 = 2.10 hp. 


TABLE 13.1 

Theoretical Compressor Power for a Freon-12 Plant Requiring 10 Tons 

AT 44 F, 30 Tons at 34 F and 20 Tons at 24 F 


Type of System 

hp 

% Reduction 
from Maximum 

1 

One compressor: 

All nvru'i^ir*! f nf sfimp toninornftiro 

: 53.6 

> 

0.0 

Individual e.\p. valves and hack-pressure valves 

Multiple exp. valves and haek-pre.ssure valves 

Two compressors (one dunl-efTeet type): 

52.4 

51.7 

1 

47.7 

2.2 

3.5 

11.0 

inCllAKlUHl >Ul>to 

Miiltifilo oxt>fi!Ksion v^nlv<*s 

45.9 

14.4 

Three individual compressors: 

Tnclivicliuil oxnjiiisioii vtilvos 

46 . 4 

13.4 

Miiltinlo oxnjiiisioii vjilvt'S 

44.7 

16.6 

(-ompound eoinpressors and intercoolers: 

Inclividiiiil oxniiiisioii viklvos 

46.0 

14.2 

Multiple expansion valves 

44.5 

17.0 

In the first procoolor the cooling effect required is 61.3(82.4 — 82.05) 
= 21 Btu per minute. The liquitl refrigerant reejuired is 21/(82.05 — 
17.91) = 0.33 lb per minute. The power for the middle-stage compressor 

is (61.3 4- 0.3 4- 93.5 -h 2.2)(83.4 - 82.05) /42.4 = 5.01 hp. 

In the next intercooler the cooling elTect required is (157.3)(83.4 — 
83.15) = 39.3 Btu per minute. The liciuid refrigerant required is 
39.3/(83.15 — 27.24) = 0.70 lb per minute. The power for the final 


stage is (157.3 0.70 -f- 35.8 + 26.2)(90.35 - 83.15) /42.4 = 37.4 hp. 

'riu' total power reipiired is 2.10 + 5.01 + 37.4 = 44.5 hp. 

13.6. Comparisons of Systems. The theoretical compressor horse- 
power values calculated in the preceding sections for the cooling of three 
separati' loads for a ])ai ticular plant are listed in Table 13.1. In general, 
the total ])ower reipiirial can be reduced appreciably by using more com- 
piT'ssor.s or oIIk'i- (Hiuipment. The use of multiple expansion valves 
inst(‘ad of individual (*.\])ansion valves also reduces the power requirement 
sonu'what. IIow('\<‘r. in certain imdliload combinations this statement 
may not be (rue. 

Sev(‘ral largi* restaurants, hotels, and institutions have recently con- 
verted tludr single-compressor ammonia, carbon dioxide, or methyl chlo- 
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ride multievaporator systems to multiple Freon-12 compressor systems. 
Economic studies have indicated that the saving in operating costs war- 
ranted the change-over. However, it generally is not feasible to go to 
the extreme of using stage compression and flash intercoolers on ordinary 
installations. These refinements are usually applied only to special 
industrial systems. The greater the difference between the evaporator 
temperature^ required, the more practical is the use of multiple compres- 
sors. When the evaporators are near each other and when their design 
operating temperatures are not too different, a single compressor and back 
pressure valves would require the least space and may be the most eco- 
nomical arrangement. In any event, each problem should be completely 
analyzed in order to arrive at the most economical and feasible system. 
Control methods are described in §14.10. 

BIBLIOGRAPHY 

1 . Raber, B. F., and Hutchinson, F. W., Refrigeration and Air Conditioning 

Engineering. New York: John Wiley & Sons, Inc., 1945, Chapter III. 

2. Refrigerating Data Book, 5th ed. New York: American Society of Refriger- 

ating Engineers, 1943, pp. 25-34, ^ tt h 

3 . Sparks, N. R., Theory of Mechanical Refrigeration. New York: McGraw-Hill 

Book Company, Inc., 1938, Chaptere VI and VIII. 

PROBLEMS 

13 . 1 . Determine the percentage difference in theoretical power required 
(a) for F-12 and (b) for ammonia for one compressor with separate expansion 
valves and back-pressure valves and for individual compressors for evaporator 
loads of 5 tons at - 10 F, 3 tons at 25 F, and 5 tons at 35 F; condenser temperature 

is 90 F. 

13 . 2 . For an ammonia plant with loads of 10 tons at 44 F, 30 tons at 34 F, 
and 20 tons at 24 F, calculate and compare the power requirements for the three 
types of systems using one compressor as explained in §13.2. Condenser is 

at 104 F and there is 20 F subcooling. 

13 . 3 . An ammonia system supplies chilled brine for a 10-ton load at 0 F, 
a 2-to*n*load at 20 F, and a 4-ton load at 35 F and must operate at a -10 F 
suction temperature. Compare the theoretical power requirements with that 
for three separate F-12 compressors using direct expansion (no brine). Con- 
densing temperature is 80 F with 10 F subcooling. Saturated vapor enters the 

compressor. 

13 . 4 . Determine the additional power saved in Problem 13.3 if multiple 
expansion valves are used in the F-12 system. 

13 . 6 . A 10-ton load at 20 F and a 10-ton load at 30 F are served by a single 
F-12 compressor with a back-pressure valve in the 30 F line. Compare the 
theoretical power required with that for two separate compressor systems. Con- 
denser is at 100 F. 

13 . 6 . Make the same comparisons for the same loads as in Problem 13.5 but 
at 0 F and 30 F. 
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13.7. Determine the thenrctical power reciuireinents for a dual compressor 
for the conditions of Prol)lcm 13.o. 


13.8. Determine the theoretical power requirements for 10 tons at 0 F and 
10 tons at 30 F. usinff comj)oun(l F-12 compression with an intercooler and 
multiple expansion valves and condenser at 100 F\ 


13.9. Work Problem 13.8, using ammonia. 

13.10. Determine the power requirements for a systom using individual 
compressors with multiple expansion valves for four 5-t(m loads at 0, 10, 20, and 
30 F evaporator temperatures, using Fre()n-12 and eoiulensing at 90 F. 


CHAPTER 14 


Refrigeration Control 

14 . 1 . Introduction. For satisfactory operation, all but the largest 
refrigeration systems must be completely automatic. Large centrally 
operated systems requiring constant manual attendance are the exception. 
The overwhelming majority of installations are of small tonnage and are 
limited to a single application. Most of the usefulness of a domestic 
system or a small commercial unit would be lost if the operation were not 
fully automatic. 

Automatic control of a refrigeration system requires complete control 
of the flow of the liquid refrigerant, the on-off operation of the compressor 
motor, the flow of the condensing medium, and safehj devices for prevention 
of damage to equipment. In addition, special controls designed for 
specific applications are frequently required. The various types of 
devices used to accomplish these purposes are so numerous that it would 
be impossible to describe all their modifications. However, the general 
purposes and operating characteristics of each class will be discussed, and 
typical mechanisms used to accomplish these purposes will be reviewed. 

14 . 2 . Liquid-Refrigerant Control — Automatic Expansion Valve. 
Some form of expansion device must be used to control the rate of flow 
of the liquid refrigerant between the high- and low-pressure sides of the 
system. Such a device is termed an expansion valve and may be controlled 
either manually or automatically. With few exceptions the manual or 
hand-operated valves are obsolete and are not applied to modern systems. 

Thermodynamically, the expansion process is an irreversible adiabatic 
one (see Chapter 4). However, if refrigeration systems of much larger 
size than now normally employed were used, it would be economically 
feasible to install expansion engines to recover some of the work of expan- 
sion and at the same time to accomplish the pressure reduction. Such 
a process then would approach the isentropic more closely. 

An automatic or pressure-control expansion valve operates to maintain 
a constant pressure in the evaporator. A typical expansion control of 
this type is shovm in Fig. 14.1. The liquid refrigerant enters at A from 
the receiver, passes through the strainer is throttled through the orifice 
C, with opening size controlled by the needle D, and is discharged into 
the evaporator through the refrigerant outlet E. The needle valve F is 
connected by means of a yoke to a flexible bellows G, which expands or 

contracts with variations in the evaporator pressure communicated 
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through the refrigerant outlet. The position of the needle is also con- 
trolled by the degree of compression in the spring connected to the yoke 
and udjust('d by the hand screw If. The.se two forces act to maintain 
a constant pr(‘ssure in the evaporator by increasing or decreasing the flow 
of lirjuid refrigerant as the pressure falls or rises in tlie evaporator. 

This type of expansion valve is applied to dry evaporators of the direct- 
expansion tyi)e. In operation, the control feeds a sufficient amount of 
licpiid H’frigerant to the coils to keep the evaporator pressure constant. 
If th(‘ compr(‘ssor is stopptnl, the remaining liciidd evaporates and the 
evaporator temi)erature and pressure increase, in turn closing the needle 
valve on the exjninsion control and thus stopping any further flow of 
refrig(*rant from the receiver to the evaporator. When the compressor 
is starte<l again. th(* (‘vaporator pressure decreases until a balance point 
is readied at which the expansion valve opens, feeiling additional liquid 
refrigerant into tlie (‘vaporator. Initially, evaporation takes place in 
the first part of the evaporator coil only until this portion of the coil is 
cooUhI by the evaporating r(‘frig(‘rant. Eventually the rate of heat 
transfer through the first portion of the coil is reduced, in turn allowing 
tlie (‘vaporating refrigerant to travel progressively closer to the suction 
connection on the coil, d'lie evaporator and compressor must be pro- 
portioned so as to pri*\’(‘nt liijuid from passing from the evaporator coil 
into tlie suction line umUa* conditions of load e(|uilibrium. To obviate 
such a difficailty this typ(* of systi'in is friMpiently designed with an exces- 
sive length of expansion coil. 

14.3. Liquid-Refrigerant Control — Thermostatic Expansion Valve. 
A thermostatic expansion raire controls th(‘ flow of li(]uid refrigerant to the 
evaporator in such a way as to k('i‘p jiractically the entire coil filled with 
('\'aporat ing refrigtuant and also to keep a constant superheat in the 
r('frig{‘rant vapor h'aving tlu‘ coil. .V thermostatic expansion valve is 
like an automatic expansion valve in construction but incorporates in 
addition a power elc'inent n'sjionsivi' to chang(\s in the degree of superheat 
of tlu‘ r(*frigerant gas leaving th(‘ coil, 'fhe typical thermostatic valve 
shown in I'ig. 1 1.2 is similar to tlu' automatic expansion valve of Fig. 14.1 
but with the addition of tlu' jiower eh*ment A. 'riiis power element 
consists of a Ixdlows li coniu'cti'd by means of a capillary tube C to a 
feeh'r bulb I). The fei'h'r bulb is normally strapped to the suction line 
at th(‘ discharge' of tlu' e\’aporator. 'riie f(*eler bulb, capillary tube, and 
power-element liellows may be charge'd with either a liquid or a gas. The 
pressure (‘x<'i‘t('d by t he power (‘lenu'ut through the push rod to the yoke 
and needle / ' iiuai'uses with expansion of the charging liquid or gas. Thus 
with this type ot (‘xpansion valvc' a starvi'd condition in the evaporator 
uill I'esulf in a greater superlu'at in the gas leaving the evaporator, and 
thi.s superhi'afed gas in turn will opiaate through the power element to 
increasi' the (low nf litpiid refrigerant. .\ flooded evav>orator will reduce 
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the superheat at the discharge of the evaporator, and hence the flow of 
liquid refrigerant will tend to be reduced. Such a valve is usually 
adjusted to allow evaporating liquid refrigerant to travel within a few 
feet of the suction-line connection. In this way full advantage is taken 
of the entire evaporator surface, and the system automatically adjusts 
itself to variations in load. Since no attempt is made to control the suc- 



Fig. 14.1. Automatic expan 
sion valve. Courtesy Detroit Lu 
bricator Co. 



Fig. 14.2. Thermostatic expan- 
sion valve. Courtesy Detroit Lu- 
bricator Co. 


tion pressure, an auxiliary pressure control for starting and stopping the 
compressor motor may be used (see §14.7). Another design of thermo- 
static expansion valve is shown in Fig. 14.3. 

If a thermostatic expansion-valve power element is charged with a 
liquid, the charging medium is usually the same refrigerant as used in the 
refrigerating system. Under these conditions the forces involved in 
positioning the needle of a thermostatic expansion valve are sho^\^l dia- 
grammatically in Fig. 14.4. Here the refrigerant gas is Freon-12, the 
evaporator temperature 20 F, and the superheat of the suction vapor 
leaving the evaporator 10 F. The position of the expansion-valve needle 
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is determined by the three forces pi, p 2 , and pz which must balance to 
result in an equilibrium setting. The feeler-bulb pressure, pi, of 28.5 psi 
corresponds to the saturation pressure for Freon-12 at 30 F. This is 
balanced partially by force p 2 = 21.1 psi exerted against the diaphragm 
or bellows by the refrigerant at the entrance to the evaporator coil and 
by the pressure pz = 7.4 psi exerted by the restraining spring. If tb • 



Fig. 14.5. Saturation curves for ethane and Freon-12. From “A Differential- 
Temperature Expansion Valve for Low-Temperature Applications,” by F. Y. Carter. 
Refrigerating Engineering, Vol. 50 No. 1 (July, 1945). 


cooling load increases, resulting in a superheat greater than 10 F at the 
discharge of the evaporator, pressure pi increases and thereby repositions 
the needle valve opening to allow a greater amount of liquid refrigerant 
to enter the evaporator. If the evaporator load decreases and thereby 
reduces the superheat below 10 F, force pi is reduced, and the needle 
valve closes to a position that reestablishes the 10 F superheat at the 
evaporator discharge. 

A thermostatic expansion valve designed for comparatively high 
evaporator-temperature operation is unsatisfactory for extremely low- 
temperature applications, primarily because the pressure differential that 
must be supplied by the power element to change the needle valve from 
the open to closed position corresponds to a small superheat at high tem- 
peratures but to a very large superheat at low temperatures. This com- 
parison is shown graphically in Fig. 14,5, which presents the saturation 
curves for Freon-12 and for ethane. If the refrigerant to be used is 
Freon-12 and if the power element of the thermostatic expansion valve 
is charged with Freon-12, a variation in temperature from 43 to 40 F will 
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result in a pressure cliange in the power element of from 40 to 37 psi. 
Thus a 3 F change in temperature corresponcLs to a 3-psi pressure change. 
However, at —100 F a 3-psi pressure dilTerential corresponds to a 33 F 
change in superheat. Operation of such a thermostatic expansion valve 
at these low temperatures will therefore show wide superheat flxictuations 
between the open and closed positions of the valve if the system is to 
operate upon a 3-psi pressure ditTerential and still s\»pply the desire^l 
amount of refrigerant. It would be necessary to oversize the expansion 


valve greatly if such fluctuations are to be avoided; in this case a valve 



Fin. I l)iff(‘r(nit ijd-tiMnp(‘r- 

;U lire I'xpMii.'iion valve. ( ’ourtesy 
I )ft roit I aiFfieator ( ’o. 


t ig. 11.7. lx>\v-side float valve with 
fhauhal evaporator, ('ovirtesy Frig- 
itlaire Division, General Motors C'orp. 


rated at 1 5 Ions would be ecpiivnU'Ut to a 1-1 on valve at high temperatures. 
S(‘V(Mal dilTeii'iit scluMues have been advanced to overcome these operat- 
ing difficulties eiua>untered at low temperatures. One such valve 
designed for low t(Mni>(‘ratures, shown in Fig. 14. t>, operates upon a tem- 
perat ure-dilTerc'id ial principle with two feeler bulbs, one to be attached 
to tin* di^charg(‘ sid(' of the evaporator and tlie other to the inlet side. 
'rh(‘ feeler bulbs ai‘e eharg('(l with ('thane, a refrigerant that exhibit-s a 
2.5-psi pressure change with a 3 F change in s\iperheat at —100 F. In 
this casi' small sup('iheat ehangi's n'sult in pressure changes suftieiently 
great to be I ransmit t (‘d through operating lever .1 to the needle-valve 
assembly H to open and elosi' the main needle valve and thereby control 
the flow of liipiid la'frigi'ranl from /> through the outlet passage E to the 
evaporat or. 
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14.4. Liquid-Refrigerant Control — Low-Side Float Valve. A liquid- 
refrigerant control of the low-side float type consists of a ball-type float 
located in either a chamber or the evaporator itself on the low-pressure 
side of the system and controlling a needle valve through a simple lever 
mechanism, as shown in Fig. 14.7 in cutaway view. This method of 
control is restricted to a flooded system and opei*ates to maintain a con- 
stant level of the ebullient refrigerant in the evaporator. Such systems 
are used on household refrigerators and to some extent in commercial and 
industrial applications. 



14.6. Liquid-Refrigerant Control — High-Side Float Valve, A high- 
side float refrigerant control differs from a low-side float expansion valve 
in that the float itself is located in a liquid receiver or an auxiliary liquid 
container on the high-pressure side of the system. The liquid refrigerant 
is expanded either directly from this high-pressure chamber into the low- 
pressure side of the system or into an intermediate-pressure feed line. A 
high-side system of the first type is shown in Fig. 14.8 and one of the 
second type in Fig. 14.9. In the latter the liquid refrigerant passes from 
the high-pressure receiver into an intermediate-pressure feed line and 
thence through a second reducing valve, consisting of a fixed weight load 
acting upon a needle valve, into the evaporator. This system is designed 
with an intermediate pressure sufficiently high to reduce the heat gain 
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to this lino to a minimum. In some instances this intermediate pressure 
line is n'placed by a cai)illary-tube expansion system (see §14.6). 

A hij!:h-sido float expansion system of the design shown in Fig. 14.8 has 
the disadvantage that the evaporator must be placed directly adjacent 
to the float chambcu- containing the supply of liigh-pressure and high- 
temperature licjuid refrigerant. The relativ<4y high temperat\ire differ- 
ential results in a comparatively rapid transfer of heat from this reservoir 


BODY FLOAT ARM BODY GASKET NAME PLATE PIPE PLUG 



I'ig. 1 1.10. of liigh-sitlo float assj'inbly. (’oiirt<'sy Alco 3*nlvo Co. 

to the evaporating r(‘frig('rant with an accompanying loss of available 
refrigerating (‘iTect. For this reason the intermeLliate-pressurc system 
or the combination high-sid(» float and capillary system has found increas- 
ing usag(‘. becaus(' in these, transfer of heat is reduced by separating the 
high-pressure chamber and the evaporating refrigerant by a reasonable 
disfanc(‘. In (‘ith(‘r ca.se the chargt' of litpiid refrigerant in the sj'steni 
is critical it piopja* balance* and operation are to be obtained. A typical 
high-side tl();it ass(*mbly as used in domestic units is shown in Fig. 14.10. 

14.6. Liquid-Refrigerant Control — Capillary Tube. A cnpillanj tube 
wia n us(‘d as :i li(iuid-r(‘fi ig(‘rant ('Xpanding device usvially consists of an 
extremeh small-bore tubi* (in the order of 0.042 in. diameter) of about 
5 to 10 If in 1( aigtli. .\ltho\igh such a device is a very simple means of 
expanding liiiuid i ( I rig(‘raiU from high to low pressure, once the size ami 
h'ligth ot the iul>e arc fixed there are no moditieat ions possible to adjust 
for various opet at ing comlit ions. 'File bore and length of the tube, thei'O- 
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fore, as well as the proportions of the rest of the system, are critical, and 
for this reason its application has been limited to “packaged” domestic 
and commercial units. 

When the liquid refrigerant passes thi’ough a capillary tube, the pres- 
sure is reduced gradually to the flash point at which a proportion of the 
liquid changes to gas. The proportion of the liquid changing state may 
be reduced, and therefore the capacity of the capillary tube increased, 
by utilizing a heat exchanger to subcool the entering liquid refrigerant. 
Such a heat exchanger may be formed by attaching the capillary tube to 


100 P , 140 PSI 
LIQUID 


CAPILLARY TUBE 


65 F 
105 PSI 


COLO VAP 0R>V * 
MIXTURE-10 F 



FLASH POINT 52 F 

49 PSI 


55 F 
58 PSI 


Fig. 14.11. Temperature-pressure distri- 
bution through typical capillary heat ex- 
changer, From “Capillary Tube-Heat 
Exchangers,” by R. H. Swart. Refrigerating 
Engineering, Vol. 52, No. 3 (September, 1946). 


a length of the suction line returning the refrigerant gas from the evap- 
orator to the compressor. Thus the cool gas leaving the evaporator 
may be used to subcool the warm liquid refrigerant leaving the condenser. 
The refrigerant liquid and vapor pressures and temperatures for such a 
capillary-tube heat exchanger are sho^^^l in Fig. 14.11 for an application 
using F-12 as the refrigerant. Here the cooled vapor returns from the 
evaporator at 0 F and is superheated to 80 F in the suction line before 
entering the compressor. At the same time the liquid refrigerant leaves 
the condenser at 100 F and 140 psi, is cooled to a temperature of 52 F 
before the pressure drop is sufficient to reach the saturated condition, and 
finally leaves the capillary tube to enter the evaporator at — 10 F and 
4.5 psi pressure. Without such a heat exchanger the refrigerant would 
start to flash to vapor shortly after entering the capillary tube, and there- 
fore the capacity of the tube as well as the refrigerating effect of the 
refrigerant entering the evaporator would be greatly reduced. 

The proper application of capillary tubing as an expansion device 
usually requires the use of a hermetic compressor. For satisfactory oper- 



r^EI RICiERATION ClONTROE 


[§ 14.7 


M4 


atioii ii capillary tulic' system re(|uirps tlu^ continuous maintenance of a 
fixed refri^cMant cliarf^e, liijrH standards of cleanliness and dehydration, 
and a uniform rate of flow of oil witli the refrigerant.’ 

A hermcdic compressor inherently possesses these requirements to a 
greater degree than does the open type of compressor, subject to field 
servicing and to some loss of refrigerant past the compressor shaft seal. 
Eroper balancing of the system parts is of utmost importance for proper 
operation. A capillary tube, with fixcMi dimensions and fixed resistance 
to flow, incrc'ases in ability to supply liciuid refrigerant as the condenser 
pressure increases and or the evaporator pressure decreases and the 
pressure differential thus becomc's greater. C'onversely, the ability of 
the remainder of the system to supply licpiid refrigerant to the capillary 
tub(‘ d(*cr(‘as(*s as the evaporator ])ressure drops and/or the condensing 
pressure' increases. Thus there is a point termed “capacity balance” 
at w hich tlu* ability of the condensing unit to supply liquid refrigerant is 
just matched by the flow of the refrigerant through the capillary tube 
and with a liepiid sc'al at the entrance to the capillary. On either side of 
this point of capacity balance there will exist conditions under which 
<‘ither r(*frig(*rant vapor (*nt(*rs the capillary tube along with the liquid 
H'frigerant or li([uid n'frigerant will build up in the condenser. Only 
OIK' point of capacity balance will exist for any one set of operating 
(conditions. 

The princij)al ad\ antag(‘ in tlu' use of a cai)illary tube as an expansion 
(h'vice is its simplicity, ddien* are no moving parts, and the system 
automatically unloads, with the' high-side and the low-side pressures 
e<iualizing during j)(*riods wlu'U tlu' compressor is not operating. This 
automatic action ('liminates the n(*(*d of any unloading device and permits 
tlu' us(' of a motor with low starting tonpie. Somewhat less refrigerant 
is r('(|uired in such a system, since tlu'ie is no continuous storage of liquid 
und('r high pressure' in the condenser during the iMuiod of “otY cycle.” 

I hus manufacturing costs are appreciably lower for systems using 
eaj)illary tub('s. !Iow(‘V('r. because of the fixed bore and length of the 
tube and tlu' varying opc'iating conditions encountered, there is usually 
SOUK' incH'ase in tlu' av('rag(' operating cost. Furthermore, extreme care 
must !)(' taken to prevc’ut plugging of the tube by any dirt, ice, or decom- 
posit ion products. 

14.7. Compressor Motor Controls. Two types of controls are com- 
monly us('d for int('rmit t('nt starting and stopping of compressors. The 
first of tliese is a pressure motor eontrol responsive to the suction pres- 
sure, and I h(' seeitnd is a thenoostotie motor control responsive to the tem- 
peiatm-e ot I In' load surrounding the evaporator. In the first, compressor 
op('ra(ioii is imlirc'ctly dependent vqxm the temperature of the load and 

* St.-irlih-r, b. A., “ riirorv and I’st' of a ('ai>illary T\d>o for Liquid Uefrigorant 
(’ontrol.” l-:u>onnrinii. WA. \o. 1 ulaimary, p. 55. 
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is coiU r()ll(‘<l hy th(‘ pn*s>ui'(‘. and 1 licrcfoic also l>y the t (*inj)(*iat u ic. ol' 
tlu‘ (‘Wiporat ill”; rcfrijicrant . In th(‘ >ccon<l type, comjiro.'or operation 
is directly d(‘p(‘ndent njion tli(‘ teinjxMatun* ol' tie* load deiii”; cooled. 

With th(* j)n‘>snr(“-act uated de\'iee, the c<)nti()l. tor (•< ni\-enienc(\ i> 
located direct ly on t he condensing; unit . and the low })re>>ure in t lie .'-net ion 
liiu‘ or t h<* cranki-ase ol' t lie coinpi (‘.v..^()i- i> u>ed t « > c< »nt rol niot oi‘ < fpera ! ion . 



14. 12. IVessun* motor control. 


CVmrt(“sy Penn 


I-ncctri<- Switch 



As slK)wn in I’dg. 14.12, such a control consists nsuall>’ of a low-iiressurt' 
bellows connect(Ml through tubin*; diri'ctly to tlu* low-pressui'(‘ control 
sonret' and an electrical switch opi'rated thronjih linkajii' by th(‘ ino'> einent 
of the Ix'llows. 'I'lie <'lectrical cirenit is clost'd on risiii”; i)re.'-snre and is 
opened on fallinj>; pressure. Adjiistnunit may be made of the cut-in and 
cutout pr('ssur(‘s as well as the dift(‘rt*nt ial between tluMu. I suall\' the 
cutout prt'ssure is a<ijusted to corresixiiul to a temi)erature a few deo;r(*<‘s 
below that of the desinxl coil temperature and the cut-in iiressuri' apjirox- 
imately to that of the coil temperature. A wide jnx'ssun' diffenuit ial 
would t(*nd to allow greater variation in cabinet temperature but would 
lengthen the cw'cling time. W ith a sniall pri'ssure difler(*ntial tlu* c^u'ling 
time will be shortened but the load temperature will lx* more uniform. 

The thermostatic tyjx* of motor control is usually ot similar construc- 
tion t ) the prc'ssure control, with the exception that a temperature bulb 
and capillary tube replace tin* pressun* line. 1 he lx‘llows linkage’ and 
electrical contacts shown in tlu* control of Fig. 14.12 may also be used lor 
tempi’ratun* control by e(iui])ping it with a t(‘mp(*rature actuated power 
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olemcnt. In this case motor control is directly responsive to changes in 
the feinp<‘rature of tlie load surrounding the evaporator if the power 
elenu'iit is properly located. With this type of control, the cut-in tem- 
perature. tlu' cutout t(‘mperature. ami the dilTerential are all adjustable. 

Motor controls are fre(nu‘nlly e(iuipped with a high-pressure safety 
cutout switch that op(*rates to cut olT the power from the motor when the 



I' ig. 11.13. ( 'oiiihinal iitii low-pn'.'<surt* ctuit rol juul lhgh-]>rcssuie safety cut- 

out. Courtesv IViui Idectric Switch Co. 


high-sid<‘ pressure (‘xcimmIs a predt'ttMinined limit. .\ typical combination 
low-pressurt' control and high-i)ressure safely cutout is shown in Fig. 

1 1.1.3. 'The const rtict ion of the high-pressure cutout is similar to that 
of llu‘ low-pr(‘ssun‘ control in that it consists of a pressure-operated bel- 
lows connected by nu'ans of a linkage to an electrieal switch. The 
cylinder h<';id-pr('ssur(‘ of the compressor is fretjuently usetl as the con- 
trolling point. II tlu' pn'ssure in the condenser exceeds the control limit 
through t(u) litth' (Muuh'ust'r waU'r. an excess of noncondensablo gases in 
the 

• , ■r eaus(‘, tlu‘ system ceases to operate and damage 

is prexenied. ( )u large installations it is ilesirable that such a cutout be 
ot I In* manual i (‘>ef 1 vpt‘. 

14.8. Solenoid or Magnetic Stop Valves. Solenoid or maynctic stop 
valves are tretiuently used in refrigeration and air-conditioning systems 
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for control of gas or liquid flow. Because sucli a valve has two positions 
only (full^^ closed or fully open) and a fixed area when open, it cannot bo 
used as a modulating control. A typical solenoid valve is shown in Fig. 
14.14. If the solenoid coil is not energized, the plunger and needle close 
the orifice, preventing flow; when the solenoid coil is energized, the 
plunger is drawn into the solenoid, thus opening the orifice passage. 

Solenoid valves are frequently 
used as liquid stop valves and are r~ 

4 

placed in the liquid line between the ^ 

condenser or receiver and the evapo- 
rator. The liquid-refrigerant line is j 

open to passage of the refrigerant j 

only when the compressor is in opera- i j 
tion and the solenoid is energized; ! 

hence leakage of liquid refrigerant j { 

into the evaporator is prevented ' • 

when the compressor is inoperative. i 

In some cases a magnetic liquid shut- ! 

off valve is operated directly by a ! 

thermostat located at the point of I - 

operation is controlled independently ? H 

the liquid line through the ther- ^ ^ — ^ - 

mostat permits the compressor to 

evacuate the evaporator, and the , Fig 14,14. Sok-noid or maKuctic 

^ stop valve. ( oartesy Penn hJectric 

resulting low pressure stops com- Switch Co. 

pressor operation. 

Magnetic stop valves are widely used for the control of refrigerant 
flow to individual evaporators in a multiple-evaporator system operated 
by one compressor. This phase of refrigeration control is more fully 
discussed in §14.10. Many other uses are found for magnetic valves of 
this type. In some installations magnetic liquid-line and suction-line 
valves are used to isolate the evaporator completely for defrosting pur- 
poses. A magnetic valve may be installed in a by-pass around one or 
more cylinders of a multiple-cylinder compressor and thereby’' be used to 
provide a degree of capacity control. A similar by-pass gas solenoid 
valve may be used to unload a compressor during starting to reduce the 
starting load. Additional applications are found in control of the flow 
of condenser water or in control of the circulation of brine in a secondary 
refrigeration system. 

14.9. Suction-Line Controls. Suction-'pressure control valves, fre- 


Fig. 14.14. Solenoid or magnetic 
stop valve, (’onrtesy Penn hdectric 
Switch Co. 


quently called hack-pressure regulators or two-temperature valves, are 
placed in the suction line to prevent the evaporator pressure, and there- 
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fore the evaporator temperature, from dropping below a predetermined 
level, d'liey may be applied to installations such as water-cooling and 
milk-cooling systems in which frec'zing or other damage may result if the 
evaporator pressure drops too low. They are often used in multiple 
systems in which several evaporators are supplied hy one condensing unit. 
With such installations the different evaporators may be kept at different 
temperat\ires by maintaining a pressure drop from the evaporator to the 
compressor suction line. Constant-suction pressure valves also find usage 
in multiple systems in which individual control is desirable for each 
<‘vaporator. If, for example, in a two-evaporator system one of the evap- 
orators is shut down, the full capacity of the compressor is then applied 
to the nunaining evaporator. Unless a device of this type were used, the 
suction pressure ill the evaporator would then be reduced to a much lower 
value than that for which the system was designed when both evaporators 
were optuating. Suction pressure control has, however, the disadvantage 
of inher(‘nt instability. 

There are several different designs of constant-suction pressure valves. 
'I'he nu'tering type is constructed to open and close with only slight pres- 
sure variation, whereas the sna])-action diaphragm type operates over a 
definite pressure differential. Additional modifications have been made 
so that back-]>ressure valves can be operatetl by means of a thermostatic 
control bull) in a manner similar to a thermostatic expansion valve. 

OiK’ typical evaporator-pressure regidator of the pilot-operated type 
is shown in Fig. 14.15. With this pressure regulator the main valve is 
held in the clo.sc'd position by the evaporator pressure and by the valve 
spring. Tlu' evaj)orator pressure is transmitted to the pilot valve E 
eith(*r through an int(*rnal or an external i>assage, depending upon the 
appli(*at ion. The pilot spring ('’ is adjustable so that the pilot may be 
made to open wh(‘n('V(*r tlu‘ (‘vaporator pn'ssure exceeds a predetermined 
.setting and to clos(‘ wiumevc'r tlu‘ (waporator pressure drops below this 
value. If th(‘ pn'ssun* in the evaporator is suflicit'utly high to counteract 
tli(‘ spring prc'ssurt' in the pilot and to ojien the i)ilot. evaporator pressure 
is fluMi Iransmilted through the pilot opening to the top of the main- 
valv(‘ opc'iating piston J. Since the area of this piston is greater than 
that of tlu' main valve, this press\ire is sufficient to counteract the forces 
liolding the uva'wx valve closed, thus opening the valve and allowing free 
passag(‘ from the evaporator to the suction line. In this case a 2-psi 
pressuR' dillen'utial b('twe(‘n the suction line and the evaporator is suffi- 
ci<‘nt to R'sult in ])rop(‘r operation. 

A comparat i\ (‘ly recent <levelopment in suction-line controls is a 
suction-prt'ssure K'gidator desigiu'd to limit the suction pressure at the 
compressoi' to a maximum value aiul thus to prevent the compressor from 
overloading, particularly during the initial high-load or “pulldown** 
periods. Sonu' installations have been made combining such a suction- 
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pressure regulator with an evaporator-pressure regulator in the same 
system, thus limiting the compressor load during pulldown and control- 
ling the evaporator pressure at a minimum value during normal and light 
loads. Such control systems, as well as other similar combinations using 
temperature-controlled suction pressure valves, make possible the safe 
selection of a compressor based upon the maximum necessary load and 
at the same time permit safe operation during periods of overload. 



Fig. 14.15. Evaporator pressure regulator. Courtesy Alco 

Valve Co. 


14.10. Control of Multiple -Evaporator Systems. If several evap- 
orators are required for the removal of heat from different sources, these 
may be operated by means of individual condensing units for each evap- 
orator or by one large condensing unit of sufficient capacity to supply the 
total of all the loads. For individual units the required controls are the 
same as for any individual system, but special controls are necessary for 
the system employing one large unit. 

If the several evaporators are to be operated at the same temperature 
and the several loads are all equal, any single evaporator pressure or any 
single load temperature would be sufficient to control operation of the 
condensing unit. However, these conditions are obtained rarely, if ever, 
since not only will the loads vary somewhat but the desired evaporator 
temperatures also may not be the same. Different evaporator pressures 
may be maintained by the use of suction pressure-throttling devices (see 
§ 14 . 9 ). ' If proper temperature and load control are to be maintained for 
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each evaporator, some means must be provided for individual evaporator 
control l)y shutting off the refrigerant flow as soon as the desired load 
temperature has been reached. 

One satisfactory means of providing multiple-evaporator control when 
operating with a single condensing unit is through the application of 
thermostat-solenoid combinations together with suction-line pressure- 
throttling devices. Such an installation, as shown diagrammatically in 
Fig. 14. IT), is equipped with individual li(iuid-line solenoid valves thermo- 
statically controlled by the load prevailing in the areas surrounding the 



evaporator. The compressor operates wlien any one or all thermostats 
reciuest refrigeration. Kxpansion control is provided through thermo- 
static expansion valves, and pressure-restricting valves on the suction 
line of (‘ach evaporator prevent low evaporator temperatures when the 
full capacity of the compressor is supplied to less than the maximum 
mimb(‘r of evaporators in the system. A suction-line throttling device 
is particularly necessary if low evaporator pressures and temperatures 
might cause damag(‘, such as dehydration in the case of food products. 

A tluM inostat-solenoid system as here describetl gives individual load 
contiol for eadi evaporator aiul prevents low evaporator temperatures 
during partial-load operation. However, the operating cost is increased^ 
not only btM-aust' throttling is necessary between the suction line and 
llio.s<‘ e\apoialors operating at higher pressures than the minimum but 
.iLso heeau.•^(' tlu' lull eapacity of the condensing unit is supplied whether 
only oiu' or all (‘vaporators are demanding condensing unit operation. Tf 
it is a^sulned il»at / (apials the total running time for the condensing unit, 
1 ecpial.s the individual operating time in per cent for each evaporator, 
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and n equals the number of evaporators, then by application of the prob- 
ability laws:^ 


Probability of condensing unit on and operating all evaporators at same 
time = 


7i 

100 



I2 

100 



A 

100 



/n _ 

100 100 ” 


(14.1) 


Probability of condensing unit off = 



(100 - In) 
100 

(100 - /)" 

100 " 


(14.2) 


Probability of condensing unit on and operating one or more but not all 
evaporators at same time = 



(14.3) 


Condensing unit total running time = 


7" 

100 " 




(100 - 7)"Y 
100" /_ 




-(100 - 7)" -h 100 

100 " 



(14.4) 


Similar equations may be derived for the more complex cases where the 
individual running times for each unit are not the same. 

E}xample 14.1. It is required that each of three evaporators operate 60 per 
cent of the time in order to obtain satisfactory operation. Determine the 
probability that (a) condensing unit will be on and operating all evaporators at 
same time, (b) that condensing unit will be on and operating one or more 
evaporators but not all three at same time, and (c) determine total running time 
of condensing unit. 

Solution : 


(a) Probability of condensing unit on and operating all evaporators at same 
time = 


/’» / 60 
oo-~ = (w = 


100 

(b) Probability of condensing unit on and operating one or more, but not all, 
evaporators at same time = 


-f— 

LlOO'* 


+ 


(100 - 7) 

100 " 


n 


]-■-[( 


60 Y / 40 
100/ \100 


)•] . 0 . 


= 0.72 or 72% 


* Elliott, James, “Multiple Systems or Individual Units.” Refrigerating Engi- 
neering, Vol. 44, No. 4 (October, 1942), p. 237. 



332 


REFRIGERATION CONTROL 


[§14.11 


(o) Total running time = 


100 


-(100 - /)'* -h 100- 


' -4(P + KKP" 

100- 

— 1 ww 

UMF 


94% 


In this example, if tlie three evaporators are multiplexed hut tliermostat-solenoid 
eomhinatious are not u.sed, the operatinji time (»f the condensing unit will be 
00 per cent instead of 94 per cent. 

It is evident that a series of evaporators may he operated from a single 
condensing unit witli gcKxl temj)erature ami load control hy such a system, but 
at the expense of liigher operating costs, longer running times, and more expensive 
controls. Lower demands are reduced if indivi<lual condensing units are used 
for each evaporator but with the disadvantage of a somewhat higher initial 
installation cost. 

14.11. Condensing-Water Control, The majority of refrigeration 
systems other than those of fractional liorsc'power use water-cooled rather 
than air-cooled condenscus because tin* lower coiuhmsing temperatures 
nxsult in more economical ()i)(‘rat i()n. Automatic control of the water 
flow to tlu‘ con(l(‘ns(‘r must he maintained if water wastage is to be elim- 
inaU’d. Such control may Ix' pro\itU'(l tliri)ugh the use of either an 
cU’ctric soU’tioK/ wat(‘r val\ (‘, similar in design to that described in §14.8, 
or by m(*ans o{ a />rc«.sv//r-cont rulh'd valve. With a solenoid valve the 
flow is two-position, cither oil or on, aiul its operation is simultaneous 
with starting and stopping of the compressor motor. With a pressnre- 
op(M'at(‘d watt'i* vah'c the flow is modulatetl and is dependent entirely upon 
condenser ])rcssun' rather than upon condensing-unit operation. For 
these n'asons prcssure-op(Mute(l water valves, such as shown in Fig. 14.17, 
are becoming increasingly popular. Here two forces control the size of 
the valve opening througli which condensf'r water may flow. An adjust- 
able com])rcssion spring tends tt) k<'('p the valve closed while a bellows, 
connected hy tubing to the higli pressure' sitle of the system, tends to 
unseat the valve. \\ hen the ee)ndt‘nsing unit starts operation, the 
inert'ased i)n'ssun' in the eoiulensi'r caused by uonetnidensed refrigerant 
gas opens the vahe and pe'rmits water (low to the eoiuleuser. When 
eondensing-unit operation hasc('as(*d. tlu' watt'i' eonlinuesto flow through 
tlu* \al\'e until tlu' condt'iising prt'ssurt' has ileereased below the valve 
st'tting. Similar water vahes cont rtdit'tl thennostatieallv bv the tom- 
peraturt* of (he water di.sehargt'd from the ctnitlenser are available. 

14.12. Compressor-Capacity Control. Tbere are many refrigeration 
applieatituis in winch the rt'trigcrating h)ad is not constant, aiul therefore 
from the standpoint ot botli operation and eet>iu>my, it is desirable to 
pio\ide fttr some control ol the cajiacity ol the system. Several satis- 
factory means lor obtaining such conti'ol are oulHiunl in tiio following 
j>ai'agraj)hs. 

Machnic-sprnf (nljiishm nt is a comparatively simple yet satisfactory 
nu'thod ol controlling capacity. 1 wo-speed nu>tors are satisfactory on 
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smaller installations and allow for fixed reductions of from one-third to 
one-half. Variable-pitch pulleys may be used for speed reduction down 
to one-half. Hydraulic couplings are obtainable that allow automatic 
control from full speed down to one-quarter speed. If the motor power 
is supplied through a reciprocating steam engine or a steam turbine, such 
units lend themselves to a reasonable degree of automatic speed control. 



Fig. 14.17. Pressure -operated 
water valve. Courtesy Penn Elec- 
tric Switch Co. 


Clearance pockets are sometimes used to provide for a capacity reduc- 
tion by increasing the clearance volume at the head end of the cylinders. 
Such reduction of compressor pumping capacity by the introduction of 
clearance spaces (discussed in Chapter 4) results from the increase in 
volume of space required by the clearance gases reexpanded to suction 
pressure. The introduction of additional clearance pockets or chambers 
may be accomplished manually or automatically. 

Suction-line throttling is a simple and frequently used method of capac- 
ity control. This throttling is essentially what occurs when a back- 
pressure regulating valve is placed in the suction line of a single- or a 
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multiplo-evaporator installation to provide for constant evaporator pres- 
sure and temperature. Although simple in application and operation, 
such a means of reducing compressor capacity is uneconomical in opera- 
tion (see Cdiapter 13). 

Some degree of capacity control may be obtained by making a portion 
of a cylinder inelTective or b^' making one or more cylinders of a multiple- 
cylinder compressor inoperative. This ctTect may be accomplished by 
means of a cylimier by-pass by providing a connection from the suction 
line to a port on the side wall of the cylinder. The cylinder will then 
become partially inelTective, since a portion of the gas is pushed back out 
through the side-wall suction port, and only that portion contained in 
the travel above this port is compressed. A complete cylinder may be 
rendered inoperative ))y lifting the suction-valve plate so that all the gas 
drawn into that cylinder is released back to the suction line with only a 
small loss of work. 

Individual rvfriycration machines may be used to provide capacity 
control by selecting their sizesothat the operation of all units will provide 
tlu* maximum d(‘sired cai)acity, and operation of various combinations 
of the units will pc'rmit ellicient cai>acity reduction. AVhen this method 
of control is us<'d, the units are usually installed with common sviction 
and discharge luxiders. If, for ('\am])le. a total capacity of 25 tons of 
n'frigeration is re(|uired, control in 5-ton steps may be provided by the 
use of one 5-ton unit and two lO-ton units. 

W'ith practically all methods of capacity control described in this 
section, the control itself may be accomplished manually or automatically. 
One means of providing automatic regulation is through the use of elec- 
trical or i)neumatic step controllers which will bring on additional capac- 
ity st(‘ps as progix'ssive changes occur in the temperature of the load. 

14.13. Miscellaneous Controls. A great many additional controls 
an* const ructc'd for s|)ecial api)licatii»ns. Many of these are designed not 
to aid in the prop(‘r operation of the system l>ut to t)revent damage in case 
ot impropt'r operation. Oiu* such safety cimtrol is the hiyh-prcssurc 
rufolf, lre(iu('ntly combined with a low-pres.sure motor control (see §14.7). 
.\nother satety control oftc'n used is a loiv-roltayc cutoff that will shut 
dowri the syst(*m automatically when the line voltage drops below a mini- 
mum \ alue. If Kjh-prcss}trc relief valves are used for safety purposes to 
prev(‘nt damage in case excessive condensing pressures are encountered. 
Oil separators are oltc'n installed between the compressor and the con- 
densf'r to pie\a*nt ('xc<'ssiv(' oil puinjiing from the crankcase into the 
condenser and the (*va()orator. Se(>aration of the oil from the refrigerant 
gas is usually aecomplislu’d by slowing down the gas velocity sufficiently 
to allo\\' tin* oil to separate out by gravity. A float-operated valve main- 
tains a set oil leNcl in the separator, and the excess is forced from the 
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separator to the compressor crankcase by pressure dilTerence. Figure 
14.18 shows a typical oil separator. 

In order that domestic refrigerators may be as completel^^ automatic 
and free from attendance as possible, they require some form of automatic 
defrosting control. Some units incorporate a device 
that allows the refrigerator to operate at a tempera- 
ture sufficiently high to permit defrosting yet low 
enough to prevent food spoilage during the defrosting 
cycle. In some units the starting of defrosting is 
manual, and the return to the normal operating cycle 
is automatic. Still a third device incorporated in 
some units is an automatic timing arrangement that 
puts the unit through a defrosting cycle every 24 
hours. 

Many special controls are necessary for the less 
frequently encountered systems of refrigeration such 
as air-cycle, steam-jet, centrifugal, and absorption. 

Small, continuously operated absorption systems 
such as domestic units require a thermostatic vah e 
modulating the gas flow to the burner in order to 
control the amount of heat absorbed in the evap- 
orator. Large absorption systems require, of course, 
more extensive controls. The principal control in 
many centrifugal refrigeration systems consists of a 
thermostatic element placed in the evaporating re- 
frigerant and designed to modulate a valve in the 
water-supply line to the condenser. An increasing 
or decreasing load in the evaporator, as indicated by a rise or fall in the 
evaporator temperature, thus automatically changes the rate of refrigera- 
tion by modulating the supply of condensing water. 
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PROBLEMS 

14.1. A thermostatic expansion valve supplies Freon-12 to a coil evaporating 
refrigerant at 10 F. If the thermostatic hull) is al.so charged with Freon-12 and 
the valv'c is adjusted to open witli 8 F superlieat, determine (a) the force in the 
restraining valve sj)ring and {!>) the degrees superheat upon which the valve 
will open if the evaporating temj)eraturc is raised to 30 I'. 

14-2. If the thermostatic expansion valve of Problem 14.1 were placed in a 
system with methyl chloride evaporating at Hi F. what would be the condition 
of the refrigerant discharged from the evaporator coil? 

14.3. An ammonia refrigerating system develops 10 tons wlien operating at 
85 V condensing and 5 F evaporating with no licpiid subcooling or vapor super- 
heating. Determine (a) cubic feet per minute of refrigerant entering expansion 
valve and (b) cubic feet per minute leaving expansion valve. 

14.4. If in Problem 14.3 the pre.ssure drop through tlie liquid line between 
comlenser and expansion valve is 3 psi, determine (a) (juality of refrigemnt 
entering expansion valve, (b) cubic feet per minute of refrigerant entering 

expansi(»n valve, and (c) cubic feet per minute of refrigerant leaving expansion 
valve. 

14.6. A condensing unit <lischarges saturated liquid refrigerant at 80 F from 
the condenser. If the evaporatin' and expansion valve are located 20 ft above 
the condenser, wliat is the ([uality of the refrigerant entering the expansion valve 
when the refrigerant is (a) Freon-22? (!>) methyl cldoriile? 

14.6. If tlie capacity of an expansion val\a‘ in tons itf refrigeration is directly 
pi oportiinial to the oiifice area and is based upon the vt)luiue (»f saturated liquid 
refrigi'rant, det<‘rmine the valve eaitacity requin d to supplv 10 tons under the 
conditions of Prol)lem 14.5. 

14.7. hive evaporators are operated with a sing e condensing unit and thermo- 
stat-solenoid and su(‘tion-line pressure-throttling controls. If three of the 
(‘ya])oiatois re(iuire a (10 per cent running time and two a 40 per cent running 
time, (letermine (a) jH'rcentage of condensing-unit running time with all evapo- 
rators III operation. (I.) [lercentage of running time with one or more but not all 
evapoiatois in operation, and (c) total condensing-unit running time. 

14.8. A .simple field test for a thennostatie expansion valve consists in con- 

ne( ting the inlet to a supply of dry air (7o to 100 psi) or a service drum of Fretm 

or methyl chloride. Tlie thermostatic bulb is placed in a bath of melting ice. 

and a iow-pivssuic gage is screwe<i loosely into the valve outlet to permit some 

ca age. It the \alve is to be adjusted for 10 F superheat, determine the gage 

rea.ling when adjusted for the refrigerant (a) Freon-12, (b) methyl chloride. 

(i ) If the gage is now screwed tightly to stop all leakage, how should the pressure 
vary? 



CHAPTER 15 


Absorption Refrigeration and Chemical Dehumidification 

16.1. History and Introduction. Since the most prevalent types of 
cooling or dehumidifying systems today employ a refrigerant compressor, 
the other methods used for refrigeration are not so veil kno^\■n. How- 
ever, in many applications one of the less prominent systems may 
be the most feasible or practical, either economically or otherwise. Of 
these other methods used, the most common is the absorption refrigera- 
tion system, developed by Ferdinand Carr6 in France and on which he 
took out a patent in the United States in 1860. In the early years of 
the twentieth century absorption refrigeration gained considerable prom- 
inence, but after 1915 the electric-motor-driven, fully enclosed ammonia 
compressor was more actively promoted and received wide acceptance. 
Development work was then concentrated on compression systems, and 
absorption systems were practically forgotten, except for domestic units, 
until the late 1930's. 

Since that time one company has introduced absorption air-condition- 
ing units of 5, 7-ff, 10, and 20 tons nominal capacity, and another has sold 
3- and 5-ton units that have been further improved since World War II. 
Other companies have made some changes in the basic design of the old- 
style units and have installed several large industrial systems from 10 to 
3600 tons capacity. One concern made and installed some very compact 
150-ton units after World War II, primarily for comfort cooling. 

The purpose of a refrigerant compressor is to withdraw the vapor from 
the evaporator, then to raise its temperature and pressure level so that it 
can reject in the condenser the heat absorbed in the evaporator and be 
ready to expand to the evaporator condition again. In an absorption 
system the refrigerant vapor is drawn from the evaporator by absorption 
into a liquid having a high affinity for the refrigerant. Applying heat to 
the solution raises its temperature level and drives off the refrigerant 
vapor so that it can pass on to the condenser to be liquefied. The liquid 
refrigerant then flows into the evaporator at a redviced pressure, and 
finally completes the cycle, being absorbed again by the absorbent, which 
flows through its own cycle. 

The absorption of a gas or vapor by a liquid is theoretically governed 
by Raoult’s law, which states that at a given temperature the ratio of the 
partial pressure of a volatile component in a solution to the vapor pres- 
sure of the pure component at the same temperature is equal to its mol 
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fraction in the sohition. The mol fraction is equal to the number of mols 
of the component divided by the total number of mols present. The 
number of mols is equal to the given weight of a substance divided by 
its molecular weight. 

Raoult’s law applies only to an ideal solution or one in which the inter- 
molecular forces between the substances in the solution are equal. Since 
there are no ideal solutions, deviations from Raoult’s law exist and are 
termed positive or negative. A positive deviation exists when the 
observed i)res.sure is greater than calculated, and a negative deviation 
when the observed pressure is less than calculated. 

A desirable combination for an effective absorption refrigeration 
system would have a large negative deviation, which would require a 
minimum amount of absorbent for the given refrigerant ciuantity needed 
to circulate in the system. The less absorbent usetl, the smaller the 
amount of heat input required per ton; and a minimum heat input is 
desired. * 

The volume of a solution is not necessarily eq\ial to the sum of the 
volumes of its components. In the case of ammonia and water, the total 
volume is a])proximately eipial to the volume of water alone plus 85 per 
cent of the volume normally occu])ied by the ammonia. 

d'he systems for large iiuhistrial or comfort cooling employ a pump to 
handle the absorbed refrig(‘rant, but domestic refrigerators and the small 
units for air conditioning have no nu'chanical moving parts. Each of 
th(‘se systems will be <lescribed in the following sections. It is suggested 
that §2.8 be reviewed before proceeding further. 

16.2. Simple Absorption System. The minimvim number of primarA' 
units essential in an absorption system include an evaporator, absorber, 
generator, and condenser. An expansion valve, pressure-redvicing valve, 
and a pump are used in a conventional two-fluid cycle, but the pump 
can be eliminati'd by adding a gaseous third fluul, as will be explained in 
§15.(i. These units are connected to form the simple absorption cycle as 
diagramed in Fig. 15.1. Note that this cycle dilTers from a vapor com- 
pression cycle by the substitution of an absorber, generator, pump, and 
reducing valv(' for tlu' compressor, ^’arious combinations of fluids may 
be used, but that of ammonia and water is the most common and will be 
used in this disc\ission. ddie solution is called aqua ammonia; a strong 
solution contains about as much ammonia as possible; a weak solution 
contains c<»nsi<lerablv h'ss ammonia. 

d'he weak solution containing very little ammonia is sprayed or other- 
wise ('xposed in tlu' absorber ami absorbs ammonia coming from the evap- 
orator. .Vbsorplion (tf the ammonia lowers the pressure in the absorber, 
which in tiirn di aws mon* ammonia vapor from the evaporator. Usually 


‘ Ilftilimj nij .t/r (luiiit New York: .Vincrican Society 

of Heutiag iukI X'ditihUiuK Kaniiieers, pp. 70(V-701. 
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some form of cooling is employed in the absorber to remove the heat of 
condensation and the heat of solution evolved there. The strong solution 
is then pumped into the generator, which is at a higher pressure and is 
where heat is applied. The heat vaporizes the ammonia, driving it out 
of solution and into the condenser, where it is liquefied. The ammonia 
passes on to the receiver, if a separate one is used, on through the expan- 
sion valve and into the evaporator. The weak solution left in the gen- 
erator after the ammonia has been driven off flows through the reducing 
valve back to the absorber. 



ABSORBER EVAPORATOR 

Fig. 15.1. Simple absorption system. 


16.3. Practical Absorption System. The simple system described in 
the preceding section is not very economical. However, by the addition 
of certain auxiliary equipment the economics can be sufficiently improved 
to make the system practical. In order to obtain the most desirable 
balance between first cost and operating cost, the number of auxiliaries 
to use varies with the application. The basic auxiliaries include an ana- 
lyzer, a rectifier, and two heat exchangers, connected as diagrammed in 
Fig. 15.2. 

When ammonia is vaporized in the generator, some water is also vapor- 
ized and will flow into the condenser with the ammonia in the simple 
cycle, causing an aqua solution instead of dry ammonia to circulate through 
the expansion valve and evaporator. The analyzer and rectifier are 
added to separate the vapors leaving the generator and to send only dehy- 
drated ammonia to the condenser. The aqua-ammonia heat exchanger, 
located between the absorber and generator, provides some cooling of the 
weak solution and heating of the strong solution. This operation saves 
on the amount of cooling needed for the absorber and the amount of heat 
needed for the generator, a very effective economy. The liquid sub- 
cooler, not always used, serves the same purpose as does a liquid-suction 
heat exchanger in a vapor compression system by subcooling the refrig- 
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crant ontoring the expansion valve. Sometimes the solution leaving 
tiie absorber is directed through a water-cooled heat exchanger. The 
basic units and important auxiliaries are described in the following 
paragraphs. 

Absorber. In industrial systems the absorber may consist of one or 
more shells not unlike those of a shell-and-tube condenser. In some 
absorbers the weak solution from the generator and the vapor from the 
evaporator are introduced at the bottom and the strong solution is drawn 
off from the top. In others the weak sohition is distributed across the top 
and flows down over the water-cooling tubes to the bottom, where as a 


stiong solution it is drawn olT. The ammonia vapor in this case is intro- 


RECTIFIER 



AB80RSCR 


CVAPORATOR 


15.2. Pract icnl jihsorption systtMii. 


i1uc(m 1 at about tlu' middh' of the horizontal shell. When multiple shells 
ar(‘ us(*d, tlu'V may be placed one above the other, and the solution flows 
down from oiu' to tlu* next with vapor being introduced into each shell. 
'The cooling wal(‘r may flow upwanl from sludl to slu'll in series. Double- 
lub(‘ absorb(‘rs ha\e also b(*en used but are consuleretl obsolete. 

rh(‘ purpos(‘ of the cooling wat('r in the tubes is to remove the heat 
of condensation and heat of absorption as the vapor condenses and is 
absoibeil by the weak solution. Keeping the aqua ammonia as cool as 
possible^ permits it to absorb more vaiK)r and to become a stronger 
solut ion. 

(it nerolor. In tlu' gt'uerator, energy is adiled to the system from an 
(‘xternal sinu’ct', usually being obtained fnun steam condensing in a coil 
or possibly fmin a din'ct -fin'd gas burner, d'he generator \init may con- 
sist of a horizontal slu'll p.artly tilh'd with strong aqua automatically 
maintained at a constant le\i‘l and ctivi'ring the submergeil steam or hot 
gas tul)es. C ‘onneid ions must be provided for the strong aqua from the 
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absorber and the return solution from the rectifier to enter and for tlie 
vapor and the weak aqua to leave. 

Another type consists of several vertical shell-and-tube heaters with 
aqua circulating through small tubes surrounded by steam introduced 
near the top. The tops of the heaters are connected to a common hori- 
zontal surge drum that has individual drop legs extending to the bottom 
of each heater. Vapor leaves from the surge drum, and circulation in the 
unit approximates that in a water-tube steam boiler. 

Analyzer. The analyzer unit, sometimes referred to as an “open”- 
type cooler, may be built as an integral part o? the generator or made as 
a separate piece of equipment. Both the strong aqua from the absorber 
and the aqua from the rectifier are introduced at the top and flow down- 
ward, usually over trays and into the generator. In this way considerable 
liquid surface area is exposed to the vapor rising from the generator. 
The vapor is cooled and most of the water vapor condenses, so that mainly 
ammonia vapor leaves the top of the analyzer. Because the aqua is 
heated by the vapor, less external heat is required in the generator. 

Rectifier. The rectifier is a “closed^’ type vapor cooler. Its purpose 
is to cool further the vapor leaving the analyzer so that the remaining 
water vapor is condensed, leaving only dry or anhydrous ammonia vapor 
to flow on to the condenser. The rectifier is generally water-cooled and 
may be of the double-pipe, shell-and-coil, or shell-and-tube type. Tem- 
peratures of 100 to 120 F will usually dehydrate the ammonia sufficiently. 
Lower temperatures will cause too much ammonia to go into solution and 
leave with the liquid “drip” that returns to the analyzer and generator. 

Aqua Heat Exchanger. The heat exchanger, located between the 
absorber and the generator, serves to cool the weak aqua by heating the 
strong aqua. The strong aqua has the greater heat capacity per pound 
and flows through in greater quantity than the weak aqua. Double-pipe 
exchangers are used in the small systems, whereas shell-and-tube con- 
struction is preferred for the large-capacity plants. 

Analyses of some systems have indicated that removal of the water- 
cooled weak-aqua cooler and the installation of more surface in the aqua- 
to-aqua heat exchanger make for improved economy. 

Detailed descriptions of many actual systems may be found in the 
literature. A typical flow diagram is shoum in Fig. 15.3. 

16.4. Refrigerant Absorbent Combinations. Properties of refriger- 
ants were discussed in Chapter 5. Table 15.1 lists desirable properties 
of a solvent and of solvent-refrigerant combinations for absorption refrig- 
eration. The items influenced by the characteristics of each propert^^ 


* Taylor, R. S., *‘Heat Operated Absorption Units.” Refrigerating Engineering, 
Vol. 49, No. 3 (March, 1945), p. 188. 

3 Taylor, R. S., “Heat Operated Refrigerating Machines of the Absorption Type.” 
Refrigerating Engineering, Vol. 17, No. 6 (May, 1929), p. 136, 




FiK- 15.3. Typical absorption-flow diaKram. Courtesy York Corp., York, IVniia 
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are also indicated. These data, together with some of the following 
information were presented by Hainsworth."* 


TABLE 15.1 

The Absorption System: Desir.\ble Properties and Characteristics® 


Solvent 

1. Vapor pressure at generator 

temperature should be negli- 
gible in comparison to the 
vapor pressure of the refrig- 
erant at 100 F 

2. Temperature pressure concen- 

tration relations 


3. Stability 


4. Low specific heat 

5. Low surface tension 

6. Low viscosity 


Influence 

Rectifier losses and operating cost 


Solvent should remain liquid throughout the cycle. 

Relations must be in conformity with practi- 
cal condenser, absorber and generator temper- 
atures and pressures. Rate of circulation 
Capable of withstanding heating operation at the 
maximum temperatures encountered in the 
generator 

Heat transfer requirements 
Heat transfer and absorption 
Heat transfer, power for pumping 


Solvent-Ref rigerani Combination 
1. Solubility 


2. Stability 


3. Superheating and supercooling 


Influence 

High solubility of the refrigerant at temperatures 
of cooling medium (air or water) and at a pres- 
sure corresponding to the vapor pressure of the 
refrigerant at 40 F. Low solubility of the re- 
frigerant in the solvent at generator tempera- 
tures and at a pressure corresponding to the 
vapor pressure of the refrigerant at temperature 
of cooling medium (air or water) 

Solvent and refrigerant must be incapable of any 
non-reversible chemical action with each other 
within a practical temperature range (20 F to 
250 F) 

Affects operation 


The absorbent should have a greater affinity for the refrigerant than 
the ordinary law of solubility would indicate. Very little heat is liberated 
when the Freons, nitrogen, or certain other gases are dissolved in water. 
However, water has a high affinity for ammonia, and considerable heat 
is evolved during the absorption. Thus the quantity of heat liberated 
in absolution is a crude measure of the affinity. The desirable absorbent 
refrigerant combination should have this property of high solubility at 
conditions in the absorber but should have low solubility at conditions 
in the generator. 

As with refrigerants for compression systems, there is no single com- 
bination that excels in all the desirable properties. The choice depends 


^ Hainsworth, W. R., “Refrigerants and Absorbents.” Refrigerating Engineering, 
Vol. 28, Nos. 3 and 4 (August and September, 1944), pp. 97, 201. 

® From Hainsworth, W. R., “Refrigerants and Absorbents.” Refrigerating Engi- 
neering, Vol. 48, No. 3 (September 1944), p. 201. 
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ujxm tli(‘ appliciitioii and economics involved. Hainsworth listed 49 
lefrifrerants coupled with various absorbents to give 180 combinations as 

|)ossibilit i('s. 

Ammonia and water were used by (’arre in 1800, and this combination 
still is the most common mixture today. Thermotlynamic properties of 
this mixture hav(‘ Ix'en published recently which should provide data to 
calculate', more accurately than before, the theoretical heat transfer in 
various pai ts of the system.® Other mixtures used to some extent include 
water and lithium bromide, Fr('on-l2 and ethyl ether of diethylene glycol 
acetate, and methylene chloride and dimethoxytetraethylene glycol. 

16.6. Absorption vs. Compression. The following summarj^ of the 
ad\ antag(‘s of absorption systems over compression systems gives some 
indication of the types of apidications where they should be considered. 

1. Since* the* only moving part of the entire system is the aqua pump, 
tli(‘ operation is (‘ssentially (piiet and subjc'ct to very little wear. The 
pump motor, engine*, eir turbine is epiite small compared with the driving 
e*e|uipm(*nt re'epiire*el fe»r a ce)mpressie)n system e)f the same capacity, 

2. Abse)rptie)n syste*ms are usually el(*signed to use steam, either at 
high pre'ssure* e)r at h>w pressure, ^^'aste or exhaust steam from other 
e*(juij)me*nt may be* useel. There is no neeel for any electric power, 
althemgh the pump is usually me)tor“driven. Steam that is bled from 
a turbine* for lu'ating in winter is neeeieel less or not at all in summer, when 
me>re* ste*am may be* ne’e'ele*el fe)r refrigeration. 

3. An abse)rptie)n unit can e)perate at re'eluce'el evaporator pressure and 
tempe'rature* by ine*re*asing the steam pressure te) the generator, with little 
ele*e‘re'a.se* in e*apacity, whereas the ca])acity e)f a compression system drops 
rapielly with le)we*reel evai)e)rator pressure. Some applications require 
di(Te*re*nt e*vai)orate)r te'inperatures at elilTerent times of the month or year. 
'Fo cit(' specific examples, a single-stage compressor at 35 psi gage suction 
and U)5 i)si gage condensing will have its capacity redxiced from 100 to 
17 tons if the suction iiressure is lowered to 10 psi. A typical absorption 
\init (h'sigru'd for 100 tons at 35 psi suction and 105 psi condensing when 
suj)plied with steam at 3.5 psi gage will produce 100 tons as well at 10 psi 
suction if tlu* steam i)r(*ssure is increased to 20.7 psi.^ 

4. At r<*duced loads the absorption unit is almost as efRcient as at full 
capacity. Load \'ariations are met by controlling the quantity of aqua 
circiilati'd and tlu* quantity ot steam supplied to the generator. 

r>. latpiid l■('trigf*rant h'aving tlu* evai>oratt>r has no bad elYect other 
than slightly unl)al;in<ing the system temporarily. However, stvcallcd 


ScMti-li.’ird i t nl.. " riirrinodvitjonii* Fnipt'rtics of the Snturntod Liqviid and Vapor 
of .\iniiiotiia-\\ atrr Mi\1uri*s. fritirnihiuf \\>1. 53, No. 5 (Mav, 

’ ) oi k A/iiin(ini(i Aftsurfttion Si/shntft. \ork, Pa.: York ('orporation, 1940. 



Kig. 15.4. ()00-t()ii absorption unit, (ourtosy York (orp., York, lYnna. 

cooling applications, generally take up more space than com])r(*ssioii 
systems. However, the equipment can be located outdoors and asscun- 
bled as a vertical unit requiring little ground area and no liousing, as 
shown in Fig. 15.4. 

7. Space requirements and automatic control reciuirements favor tlie 
absorption system more and more as the desired evaporator temperature 
drops. 

Operating-cost comparisons for small units, presented by the American 
Gas Association, * indicate that equal operating costs result for an electric 
compressor unit and a 3-ton absorption unit, each having a cooling tower, 


* “Gas Summer Air Conditioning.” Cleveland: American Gas Association Te.sting 
Laboratories, Research Bulletin No. 18, 1943. 


litpiid slopover is detrimental to a compressor and retpiires pre^'(‘ntive 
measures in compression systems. In ap})licati(>ns wIhmc frecjiuait load 
fluctuations occur, such as oil refineries, this feature is important. 

6. Absorption units can be l)uilt in caj)acities well abo\e lOOO tons 
each, which is the largest size to date for single comprt'ssor units. .Vbsorp- 
tion systems, e.xcept for the domestic units and for the latest coinfoi't 
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when electricity is 1.5 cents per kilowatt-hour and gas costs about 7 cents 
per 100, ()()() Btu. or with electricity at 2.5 cents and gas at about 11.5 
cents. Lower gas rates or higher electric rates favor the absorption unit, 
whereas higlior gas ratt's or lower electric rates favor the compression unit. 

\\'ith()ut a cooling tower, ecpud operating costs result with electricity 
at 1.5 cents per kilowatt-hour and with gas at about 2 cents per 100,000 




I 'in. 1 ( 'otnpjirnt ivr 
I ic-r<uni)i<’ssitm units 


nporatinp costs of absorption- and 
with cooling tower. From AG A 


lirsitirih lii/llilin .Vr*. IS, 1U43. 


Htu or with 2.5 c('nt electricity and about 8 cent gas rates. These com- 
parisons and Olliers an' giv('n in Figs. 15.5 aiul 15.0. 

16.6. Domestic Unit. 'I'he (h>mestie absorption-type refrigerator 
was de\ elopi tl li nm :m in\ention bvGaii Nhiuters and Baltzervon Platen, 
who (lid their (uiginal work in 1025 while undergraduates at the Royal 
liistiluli' of reclinoiogy in Stockholm, .\meriean rights were acquired 
from llu' Su(*di>li ldi*clrolu.\ t’ompany by Servel, Inc. 

Ammonia is uxal as (lu‘ refrig('rant because it possesses most of the 
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desirable properties. It is toxic, but since the system has no valves or 
moving parts, there is very little chance for leaks, and the total amount 
of refrigerant used is small. Liquid ammonia evaporates in the presence 
of air or other gases; the lighter the gas, the faster the evaporation. Since 
hydrogen is the lightest gas and is also noncorrosive and insoluble in water, 
it is used in the low side of the system. Water is used as the solvent 



Fig. 15.6. Comparative operating costs of absorption- 
and electric-compression units without cooling tower. From 
AGA Research Bulletin No. 18, 1943. 


because of its ability to absorb ammonia readily. Thus the three fluids 
used are ammonia, hydrogen, and water. 

If liquid ammonia is introduced at the top of the system as shovm in 
Fig. 15.7, it flows into the evaporator and evaporates. Hydrogen passes 
upward in the evaporator counterflow to the liquid ammonia that falls 
from one level to another. The ammonia vapor and hydrogen leave the 
top of the evaporator and pass through the gas heat exchanger, where 
they are warmed by the hydrogen flowing to the evaporator. They then 
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flou' throiif^h the spherioal vessel on the left and into the absorber. Weak 
aqua is introduced at the top of the absorber absorbing: the ammonia as it 
passes count(M fiow through this iinit. The hydrogen leaves the top of the 
al)sorl)er and flows through the heat exchanger on its way to the evap- 
orator. The strong ammonia solution leaves the bottom of the absorber 
and flows into the generator at the lower right on the diagiam. 


COMOlNSt" 



SCPARATOK 


OCNERATOK 


HEAT 


■ X * a * 

Vig. 


Sim pic Idcct rohix syst cm . ( 'ourl csy 

Scrvcl. I lie. 


ileat is applied at the generator, which drives the ammonia vapor out 
of solution. 'I'lns vajior would easily rise into the condenser, but some 
means of eU'vating the remaining weak aqua so that it can flow into the 
top of the al>sorb(‘r must be used. 'I'he principle of the bubble pump is 
aiiplii'd lierc: I'he discharge tube from tlie generator is extended down 
below llie liquiil h'vel in the generator. As the vapor ammonia bubbles 
form ami rise, tliey carry slugs of the weak ammonia solution with them 
up th(' discharge tube ami into the separating vessel. From hei'e the 
weak solution ilows to tlie absorber to repeat its cycle, and the ammonia 
vapor flows to the gravity air-cooUal cotulenser to be liquetied and then 
flows into (he ('vaporator. Note (he "V" bends in the weak solution hue 
to tlu‘ absorlu r and in the liquid line to the evaporator. These prevent 
the hydrogen from getting into the hi(ih side ol the system. 
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The absolute pressure in the condenser is about the same as in the 
evaporator. Since practically pure ammonia is in the condenser, its 
vapor pressure there is substantially equal to the total pressure. In the 


HYDROGEN RESERVE VESSEL 




AMUONU 

CXTEANAL 


INMCtS 


CNTIKNAL 

maos 



Fig. 15.8. Absorption refrigerator cycle. Courtesy Servel, Inc. 


evaporator the ammonia-vapor pressure is much less and, in accordance 
with Dalton^s law of partial pressures, is equal to the total pressure minus 
the partial pressure of the hydrogen. Being at a pressure below satura- 
tion pressure, the ammonia readily vaporizes in the evaporator and 
refrigerates. 



350 


ABSORPTION REFRIGERATION 


[§ 15.7 


The preeedinji parasiaplis deserihe the basic units and operation of 
the Fdeetrolux >ysteni. Actually, several refinements have been added 
to inenaisf' the efiieiency an<l improve the performance, as shown in Fig. 

1 0 . 8 . A liquid heat exchanger is used 
. for the weak solution going to the 

absorber and the strong solution going 
to the generator. The analyzer and 
ix'ctifier are added to remove the water 
vapor that may have formed in the 
generator, so that only ammonia vapor 
goes to the condenser. The conden- 
ser and evaporator each consist of two 
sections, to permit extending the con- 
d(‘ns(*r below the top of theevaporator 
to provitle more condenser surface, 
and to segregate the freezing portion 
of the evaporator. A reserve hydro- 
gen vessel is added to give the same 
eflieient operation under variable 
room-air temperatures. A phantom 
view of a domestic refrigerator with 
tlu' absorption-system equipment in 
place is shown in Fig. 15.0. The num- 
bers in Fig. 15.0 correspond to those 
in Fig. 15.8. 

16.7. Absorption-Cycle Analysis. An analysis of a system as dia- 
graiiK'd in Fig. 15.10 may be facilitated by lettering the various points 
in the eyeh' and tabvdaling the pressure, temperature, concentration, 



Fin. la.tt .\l)S(irpti<ni riuiipmciit 
in a iloMM'stic |•(‘f|•ig(M•;^tol^ (’ourti-.sy 
Scrvrl, Inr. 


MCCTinER 



ABSOftBCft EVAPORATOR 

1' in ir> lO. .Vhsorptiim refrigt'r.'it ion cycle. 
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enthalpy, and weight at each point. This procedure has been followed 
in Table 15.2, with the points of the system designated in the first column 
on the left. The numbers in the table refer to the following steps, in 
which the method of determining each value is explained. The general 


TABLE 15.2 


Point 

Pressure, 

V 

Temper- 

ature, 

t 

Flow 

Weight, 

W 

Concen- 

tration, 

X 

Specific 

Enthalpy, 

h 

a 

1 

I 

8 

1 

6 

8 

h \ 

3 

ft ft 

4 

6 

20 

c 

1 

1 

4 

6 

18 

d ! 

3 

9 

4 

6 

17 

e 

3 

1 

12 

6 

7 

f 

3 

ft ft 

12 

6 

16 

g 

3 

1 

12 

5 

5 

k 

3 

1 

14 

5 

5 

• 

t 

3 

1 

13 

5 

5 

ft 

3 

3 

1 

11 

1 5 

5 

k 

3 

ft ft 

10 

' 6 

19 

1 

m ' 

3 

1 

4 

5 

1 

1 5 


method used here has been presented previously in the ASRE Data Book^ 
and by Raber and Hutchinson,*® 


Analysis Procedure 

1, The following conditions are desired or assumed: 

A. One pound of liquid per time unit leaves the condenser. 

B. Suction pressure pe = 20 psig. 

C. Suction temperature U = 10 F. 

D. Strong aqua from absorber temperature U = 90 F. 

E. Generator temperature tj = 200 F, 

F. Condenser pressure p« = 155 psig. 

G. Vapor leaving rectifier temperature tm = 130 F. 

H. Drip leaving rectifier temperature U = 130 F. 

I. Strong aqua from exchanger saturated at tg which is 20 F less than w’eak 

aqua from generator at tg = t,- — 20 = 180 F. 

J. Vapor leaving analyzer 10 F above aqua entering analyzer h = tg + 10 

= 190 F. 

K. Vapor leaving precooler is 10 F below liquid from condenser. 

L. Equilibrium concentration exists for vapor m leaving rectifier, vapor h 

leaving analyzer, aqua j leaving generator, aqua g leaving exchanger, 
and aqua a leaving condenser. 

M. Pressure drop through each unit is 2 psi. 

* Refrigerating Data Book, 5th ed. New York: American Society of Refrigerating 
Engineers, 1943, p. 43. 

Raber, B. F., and Hutchinson, F. W., Refrigeration and Air Conditioning Engi- 
neering. New York: John Wiley & Sons, Inc., 1945, Chapter V. 
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2. T!ie necessary values for the analysis are tabulated as determined and 
shown coinplctcd in Table 15.3. 

3. From steps Mi, IF. and IL the pressure at the various points may easily 
be calculated. 

4. The rate of flow or weight at m, b, c, and d is the same as at a, which is 
1 11) per unit time. 

5. By reference to a chart of aqua-ammonia properties, such as the one in 
the Appendix, the concentration and enthalpy at g, h, i, j, and m may be read 
since tlic i)ressiire and temperature at each point are known. Note that there 
is vapor at h and rn arul liquitl at g, i, and Xk = 0.962, Xi = 0.60. 


TABLE 15.3 



Pressure, 

Temper- 

I^'lnw 

C'onc'o- 

Specific 

Total 

Point 

s 

ature, 

Weight, 

trntion, 

Enthalpy, 

Enthalpy, 


P 

/ 

\y 

X 

h 

H 

a 

155 psiR 

87 !•’ 

1 (H)und 

0.994 

137 Btu lb 

137 Htu 

b 

153 

« 

1 

0 . 994 

65 

65 

c 

20 

10 

1 

0 . 994 

584 

5^ 

d 

18 

77 

1 ' 

0.994 

656 

656 

c 

16 

90 

11.25 

0.430 

-15 

- 169 

J 

161 

« • 

11.25 

0.430 

-14.3 

-161 

q 

159 

180 

1 1 . 25 

0.430 

87 

979 

h 

159 

190 

1 . 089 

0 . 962 

718 

782 

i 

159 

130 

0 . 089 

0 . 603 

55 

5 

j 

159 

200 

10.25 

0.375 

108 

1107 

k 

157 


10.25 

0.375 

- 3 2 

- 33 

VI 

157 

130 

1 

0 . 994 

667 

667 


6. Then concentration = X/ = Xo = 0.430. Ja = — 

0.994 and .r* = Xj = 0.375. 

7. The entlialpy of the subcoolod liqiiid at e is read as heat of liquid opposite 
tlie concentration ami temperature point, h, = —15. 

S. lOnthalpy and temperature at a may be read from the liquid concentration 
and pressure values, ha = 137, ta ~ S7 F. 

9. From IK, /,( = — 10 = 77 F. 

10. .Analyzing the absorber, 

IF, = W, -i- iFrf and x,W\ = x*U% -|- x,Ws 


By substitutio!!. 


.r,l1 k -I- d = x*]] jt -f- .r.fB j 


or 



11. ir, - H 


ir.,(.r.( — Xr) 
(Xr — .ri) 

10.25 lb 


1(0.994 - 0.430) 
(0.430 - 0.375) 


= 10.25 lb 


12. IF, = ]\\ 4- IF., = 10.25 4- I = 11.25 = IF, = IF, 
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13. Analyzing the rectifier, 

Wh = TT, + W„ 


and 


xjv, = XiWi + x^ir 


in 


By substitution, 


or 


Wi - 


+ Xh^V^ = x.TT, + x^ir 
ir„(x,„ - xh) 1(0.994 - 0.962) 


m 


(xa — x.) 


(0.962 - 0.603) 


= 0.089 lb 


14. TTa = TT^ + = 0.0S9 + 1.0 = 1.089 lb 

144(p/ — p,)Wr 


15. The pump work = 


778 X - X V 

Ve 


Vg = (I — Xr) specific volume of water + (0.85x,) specific volume of NHa 

Using steam and ammonia tables for the volumes, 

Vg = (I ~ 0.430)0.0161 + 0.85 X 0.430 X 0.02707 = 0.0191 cu ft 

Assuming pump efficiency as 70%, 

144(161 - 16)11.25 


Pump work = 


778 X 


1 


= 8 2 Btii 


0.0191 


X 0.70 


16. A/ — + pump work ~h W, = — 15 + 0.7 = —14.3 Rtu 

17. The total weight of ammonia at d is equal to the sum of the weights of 
ammonia in the aqua and in the vapor, or 

XdlTd = XdaWda “h (TT</ — da)Xdv 


Knowing the pressure pa and temperature ta, the concentration and enthalpy 
of the aqua, xj, and hao, and of the vapor, xav and hav, may be found from the 
chart. 

From the above equation, 


and 




(Xdr Xa'} 
(,Xav ~~ Xaa} 


(0.995 - 0.994) 
^ (0.995 - 0.440) 


= 0 0018 


ha = ^Vdahaa “h (IF^ — W do) hap 

= 0.0018 X (-28) + 0.9982 X 657 = 656 Btu 


But when xa is equal to xavj as may be the case, or greater than xav, the mixture 
at d is dry-saturated or superheated. Ra.ber and Hutchinson have suggested 
the following empirical equation for such cases : 

„ 17p(17 - 0.8x0 (1 - X.) 

(17 + x.r 


where p/' = partial pressure of water vapor over an aqua ammonia solution in 
equilibrium with vapor at Xa and pa and is approximately equal to the partial 
pressure of the water in the superheated mixture at d. 

p = saturation pressure of pure water at ta abs. 

X, = ammonia concentration in a solution in equilibrium with vapor at xa 
and Pa 
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The enthalpy of superheated steam, \ at Pd and td may be calculated in 
aceordance with' the explanation given for equations 9.10 and 9.11.^ 

The partial pressure of ammonia in the vapor is p/ = pd — Pd”. 

The entlialpy of superheated ammonia, hd, is read from an ammonia table 

or ( hart at pd and //. 

The enthalpy of the mixture at d is therefore hd = Xdhd + (1 — Xd)hd . 
Substitution of values from our example would give 

17 X 0.40(17 - O.S X 0.43) (1 - 0.43) _ 


Pd” = 


(17 + 0.43) 


= 0.244 psia 


hd” at 0.244 psia and 77 F = 1001 -p 0.444 X 77 X 1095.1 Btu 

— 0.244 = 17.70 psig 
hy at 17.70 psi and 77 F = 057 Btu 
in wlueh ease hd = 0.994 X 057 + 0.000 X 1095.1 = 600 Btu 

IS. Ate the entrained acpia quantity is 

ir„ = ir. 

and he = B fahea "F ( B C B ta)heT 

The eoneentration and enthalpy values may be read from the chart at pe, U 


Then 


We. - 1 


(0.9997 - 0.994) 0.0057 


= = 0.052 lb 


and 


he = 


(0.9997 - 0.S9) 0.109/ 

0.052 X 10 + (1 - 0.052)016 = 5S4 Btu 


19. Relative to the heat exchanger. 


or 


Then 


h, = 


W,{h, - /u) = BV(/4 - hy) 

hk = hi — '1/ (/i„ - /i/) 

n k 

1 1 

lOS - * ; (S7 + 14.3) = 3.2 Btu 

1 • mO 


or 


20. Relative to the subcooler, 

hh — lu — {hd — he) 

hb = 137 — (050 — 5S4) = 05 Btu 

A heat balance can now be calculated for the system: 


Refrigerating effect lie — Ilh 
Heat added in generator //^ + II i 

Knergy added by pump 


= 5vS4 — 65 = 519 

//. - //. 

= 7S2 + 1107 - 5 - 979 = 905 

= 8 


d'cdal h(‘at achled 


Ibnit r('ject('d in absorber //,< -p lU — II* 
ll(‘at reject<*d in comhuiser //„, — //., 
Ib‘at rejected in rectifier //^ — //„ “ Hi 


656 

607 

782 


33 + 169 
137 

667 - 5 


1432 Btu 

792 

530 

110 


Total heat rejected 


1432 Btu 
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Unaccountable heat 1432 — 1432 = 0 Htu 


0 

1432 


0 . 0 % 


16.8. Other Systems. In addition to the absorption cycles described 
in §§15.3 and 15.6, there are multistage systems. One two-stage cj'-cle 
uses two evaporators, each operating at a different pressure with two 
absorbers but with a single generator and one condenser. Another type 



ABSORBER 


EVAPORATOR 


Fig. 15.11. Simple resorption system. 


has two absorbers and two generators with one condenser and one evap- 
orator. Still other combinations are possible. 

There also is a resorption system as diagrammed in Fig. 15.11, The 
condenser is replaced by a resorber, in which the vapor is not condensed 
to a pure liquid but is absorbed by a special weak solution while condens- 
ing. This weak solution is circulated from the evaporator by a pump. As 

the vapor is condensed and absorbed in the resorber, heat is given up and 
is removed by the cooling water. The solution then fioAvs through the 
expansion valve to the evaporator. As the ammonia boils in the evapo- 
rator, the heat of vaporization and the heat of disassociation both produce 
the refrigerating effect. More cooling effect can thus be produced than 
in the usual absorption system, but an extra pump is required. Com- 
bination resorption and adsorption cycles may also be used for special 
applications. 

16.9. Chemical Dehumidiheation. Chemicals are sometimes used 
separately or in conjunction with refrigeration to remove undesired 
moisture from air, particularly for many industrial air-conditioning 
applications requiring either a low relative humidity or Ioav deAV-point 
temperature in the room. Straight refrigeration for many of these appli- 
cations Avould not be economical or practical. The refrigeration engineer 
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shouUl he latniliai with tl.<-se ..ther motliods visi'.l for dchumidification 
and sliould understand tlie prineiples involved, as well as the advantages 
Lnd disiulvantages. The two types of substances useil for dehunaidifica- 

tion are absorbents and adsorbents. 

AUorhcnl>! are substances uhieh can take up water vapor but which 
in so doin<r change eheinieally or physically, or in both respects. Mate- 
rials commonly used include soli.l calcium chloride, which is employed 
principallv in small cartridge-type driers or in desiccating chambers. 
Onlv the'.-xposed surfa<-e is elTc.Uive; it soon becomes pasty and then 
crustv. tluis provontiiiv: contact iiif; the material underneath. 

solutions or hrines of calcium chloride, lithium chloride, lithium 
l>romid(‘. and (>tl.ylene j^lycol are used as air dehydrators hy spraying or 
oth(M \vis(‘ exposing a large surface of tlie solution in the air stream. 

A d(*siral)le al>sorl)cnt is capable of liaving its reduced vapor pressure 
controlled (obtained by controlling the concentration and temperature 
of the solution), is available at reasonable cost, noucorrosive, otlorless, 
nontoxic, noninflammable, chemically inert against air impurities and 
eiiuipment material. stabU' tlirough range of use. low m viscosity, and 
callable of easy n'gi'ueration or reconcentration after absorbing the mois- 
ture. As moisture is absorbed, its latent heat is given up as well as the 
h(‘at of solution, which heats the absorption solution and may also raise 
the temperature of the dehydrated fluid. In some air-conditioning appli- 
cations it is necessary to pass the air over an aftercoolei. 

Afisorhf/ifs are substances in the solid state that contain numerous, 
minuU' i)or(‘s into which moisture or other vapors frtim the surrounding 
im'dium are easily drawn or attracted, d'his process takes place withmit 
permanent Iv changing the substance eitherchemically or physically, 
vajiors ads('>rb(‘d can be driven olY later by the application of heat, thus 
reactivating the substance so that it can be reiiseil. The materials most 
<‘(tmmonly used are silica gel. which is a form of silicon dioxide prepai^ 
by mixing sulfuric acid with sodium silicate, and activateil alumina, which 
is a porous amorphous form of aluminum oxule. A silica gel unit with a 
r(»(ating gel bed is shown in Fig. 15.12. d'he left fan exhausts the gt^- 
heah'd react ivat i(tn air leaving part of the gel bed. 'Ehe right fan dis- 
charges tin' d(‘humidilied air leaving the reactivated gel in the other 

portion of tlu' r»)(ating bc'd. 

|)('sirable |)roperties for an adsorbent include suitable vapor-pressure 
characteristics, availability at reasonable ctist . absorptivity of sufficient 
moistui'e per ]>ound of substance, chemical stability, physical ruggedness, 
and catiabililv of repeatctl reactivation at reasonable temperatures. 

16.10. Applications. An eeonomie study often indicates that some 
means of dehumidiiieal ion otlier than refrigeration would be moi*e desir- 
abU' in air conditioning when the load has a low seiisible-heat factor or 
culls for a low :ii)paratus dew point. Although absorption or adsorption 
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)tion unit. (a) W ith cover removetl 
Courtesy Bryant Heater C’o. 
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<'(|uipmont has bopn used for a few comfort applications, particularly 
.estauraiits, the majority of the installations are for industrial applica- 
tions 'Fhese include the manufacttire of rugs, chemicals, safety glass, 
electrical ('(luipment, plasties, and paper products; the drying of 
oils, leather, laeciuers, and films; and air conditioning museums, libraries, 
vaults, and telephone exchanges. In each the control of humidity is of 

prime importanee. 

No set rule can he applied to determine whether refrigeration or some 
other form of dcduimidilieation will he more eeonomieal. In general, it 
has h(‘en found that chemical dehydration should be used when a dew 
point under 32 K is re(iuired in a room with a dry h\dh over 32 F, and that 
adsorption systems become favorable when the latent load is 30 per cent 

or more of the total load. 

'I'he following items should he considered, since they influence the 
first cost of dehumidification e(iuipment: apparatus dew point, water 
availability and temperture, load variations, and room temperatures. 
An apparatus dew i)oint above 40 F is generally more favorable to refrig- 
eration, whereas one below 40 F may l)e more partial to other means. A 
water temperature of about t>5 F is another dividing line. Chemical 
('(luipmeiit is favored with a lower water temperature until it is within 
5 F of Ilu‘ apparatus dew-point temperature; then combination water and 
refrigcM-ation or all wattu* cooling may be better. When constant humid- 
ity must b(' maintained under wide load fluctuations or when dry-bulb 
t(unp(Matun*s ov('r 90 F or under 50 F are required, chemical equipment 

may be mon' favorable. 

()p(*raling costs must also be considered. These depend upon elec- 
tricity and gas or steam rates. With water-cooled refrigeration, the 
wat(‘r ((uanfity ust'tl tor (‘ach geiu'ral mcUhod is abtiut the same. Kquip 
iiKMit using a li(|ui<l absorbi'r is generally greater in first cost than adsorp- 
tion or refrigeration eiiuipment. It is best suitetl where low relative 
humidities and the high dry-bulb temperatures are desired, in which 
case tlu' operating costs are generally less than for the other types of 

svst(*ms. 

% 
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PROBLEMS 

16.1. Calculate the heat balance for an aqua-ammonia absorption system in 
which the suction pressure is 40 psi, suction temperature is 30 F, strong aqua 
from absorber is at 100 F, generator is at 210 F, condenser is at 105 psi, vapor 
and drip from rectifier are at 135 F, strong aqua from exchanger is at 190 F, and 
other general conditions are the same as in the example in §15.7. 

16.2. Calculate the heat balance for an ammonia absorption system for the 
same conditions as given in Example 15.1 but \\ith an evaporator suction tem- 
perature of 10 F and a pressure of 20 psi. 

16.3. Compare the operating costs of a 3-ton electric compressor unit with 
that for a 3-ton absorption unit, each using a cooling tower, if electricity costs 
3 cents per kilowatt-hour and gas of 500 Btu per cubic foot costs 50 cents per 
1000 cu ft, 

16.4. Compare the operating costs of 3-ton electric compressor and absorption 
systems without cooling towers if electricity costs 2.3 cents per kilowatt-hour 
and gas of 1000 Btu per cubic foot costs 70 cents per 1000 cu ft. 

16.6. Determine whether chemical dehydration or refrigeration equipment 
would tend to be more favorable under the follounng conditions: (a) room con- 
ditions of 70 F dry bulb and 30 per cent relative humidity, available water 
temperature at 65 F; (b) room conditions of 60 F dry bulb and 40 per cent relative 
humidity with 65 F water. 



CHAPTER 16 


Low-Temperature Refrigeration 

16.1. Introduction. The first l(nv-tcmperat\iro refrigeration systems 
were developed primarily for the solidification of carbon dioxide and the 
li(|uefaction and subseciuent fractional distillation of such gases as air, 
oxygen, nitrogen, hydrogen, and helivim. Oxygen was liquefied as early 
us 1877 by C’oilletet and Pictet; Dewar, applying Joule-Thomson expan- 
sion of the gas, succeeded in liciuefying hydrogen in 1898. At atmospheric 
pressure litiuid oxygen boils at 90.2 Iv ( — 297.3 F) and li(iuid hydrogen 
at 20.4 K ( — 423 F). Litiuefaction of helium was accomplished by 
II. Kamerlingh Onnes in 1908 in the famous cryogenic' laboratories of 
the University of Leid{'n. Hy evaporation of liipiid helium under high 
vacuum, temperatures as low us l.l Iv ( — 157.7 F) were initially attained, 
and by improvements in the apparatus 0.7 K ( — 458.4 F) was reached 
by the year 1928. It was not until 1933 that Giauque and Debye inde- 
p(*ndently projiosed the adiabatic demagiu't ization of paramagnetic salts 
as a means of attaining lower t(‘mperatures, and through their methods 
0. 1 K was rea<4ied. To date the lowest temperature successfully reached 
by this method is 0.004 K. 

By the use of modein measuring instruments, temperatures on the 
earth’s surface ranging from 130 F (at 4'ripoli) to — 90.4 F (at Verkho- 
yansk, Sib(*ria) have Ix'cn r(*corded; stellar temperatures ranging from 
50,0()0.000 V at t he c(*nt('r of the sun to 3 K in interstellar space have been 
appro\imat(‘ly del(‘rmined. As noted in the preceding paragraph, lower 
t(*mperat ur(’s have been attained in tlu' laboratory. Before studying the 
metliods by which such temperatures can be produced, it is first desirable 
to r(‘vi<‘W th(‘ evolution of the tenqx'rature scales together with modern 
concepts of lu'at. W’itliout knowUxlge of the meaning of absolute zero 
a study of its experinu'nt al api)roach means little. 

16.2. Temperature Scales. The struggle to attain increasingly higher 
and lowei- controlled tenqx'ratures in the laboratory has been a continuing 
one since the lirst modern coma'pts of heat were expounded. The 
Aint'rican physicist Ihaijamin ThoinpstJiu (\>unt Rumford, conducted his 
classical expi'rinu'nt ol (plant itat ive lu'at measurement while boring a 
cannon tor the King oi Bavaria in 1790; Helmholtz published the first 

' I li(' term '‘ei vogc'iile is deriv(*d from tlu' (ireek word kryos, meaning cold or 
frost, and is fre<|iumtlv applii'd to ver> !o\v-tim»p(*rature refrigeration applications 
like those ('neountered in the li(]m‘fai‘t ion of gases ami in the study of physical phe- 
jioinena at temperatnres approaehing ahsohite zero. 

.^60 
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generalized concept of heat in his paper on the conservation of energy in 
1847. Prior to that time the theory most adhered to was proposed by 
a Prussian physician, Stahl, who died in 1734. He presumed that heat 
was a material substance to which he gave the name of phlogiston. 

Our most fundamental concepts of heat are obtained through the 
sensations experienced when we touch objects that we say are “hot” or 
“cold.” Qualitative measurements of these sensations must be made, 
hoAvever, through the physical changes Avhich occur in bodies when 
exposed to these different environments of temperature. Those most 
commonly applied are changes in volume (such as in a mercury thermom- 
eter), changes in pressure (as with the constant-volume gas thermometer), 
changes in electrical resistance (as with the resistance thermometer), 
changes in radiation (as with the optical pyrometer), and changes in 
electromotive force (as in a thermocouple-potentiometer system). Since 
all of these changes can be measured with reasonable accuracy, any of 
them may be used for relative temperature measurements. 

In order to establish a usable temperature scale it is first necessary 
to set two fixed points. In the centigrade scale, 100 and 0 are taken as 
the boiling and freezing points of water at atmospheric pressure. In the 
Fahrenheit scale, body temperature was originally assumed to be 100, 
and the lowest temperature attainable with a mixture of ice and salt was 
thought to be 0. Translation to the more accurately determined boiling 
and freezing points of water at 212 and 32 F (14.7 lb per square inch 
atmospheric pressure) have resulted in a reevaluation of the original 
fixed points and their reassignment to other values on the scale. 

Although all standard measuring devices show reasonable agreement 
between the two fixed points, extrapolation to very high or very low tem- 
peratures beyond these had led to many difficulties. The physical prop- 
erty incorporated in the device, such as change of volume, does not change 
equally for a definite temperature increment at different parts of the scale. 
Furthermore, this deviation from the linear varies between different types 
of temperature-measuring instruments. Hence some standard must be 
established that should be independent, if possible, of the physical prop- 
erties of any substance. 

After Carnot conceived his cycle, William Thomson (Lord Kelvin) 
incorporated this principle in the definition of a temperature scale entirely 
independent of the properties of any substance. This thermodynamic 
temperature scale, in the modified form developed later by Kelvin, pro- 
posed, first, that there be a Carnot-cycle system operating between two 
temperatures To and Ti and, second, that between these temperatures 
there be a series of Carnot engines, the first receiving Qi heat units and 
rejecting Q 2 heat units, the second receiving these Q 2 heat units and reject- 
ing Q 3 heat units, and so on. This series is illustrated in Fig. 16.1. If 
these Carnot cycles are so chosen that the quantities of work performed 
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by each cycle are equal, then 





riiorefore, if the number of eciuiil Oarnot-cycle work quantities in the 
temperature interval between melting ice and condensing water vapor 



ZERO 


VOLUME 


Fig. 10.1. Thorinodynainic t('mporaturo scale based 

on series of C'arnot heat engines. 


is fixed at 100 units, a temperature scale has been established which is 
independent of the physical properties of any subsUmce. Such a scale 
is (allied the Kelvin scale (K) or the absolute centigrade scale. If the num- 
ber of work ([uantities in the temperature interval between melting ice 
and boiling water is tak('n as 180 units, the resulting temperature scale 
is called tlu* Ilanh ine or absolute Fahrenheit scale. Absolute zero in either 
case is the Iowcm- limit of temperature at which the internal energy of the 
last Carnot (‘ngine has been completely expended in performing external 
work. 


( )f course such a temperature scale is dependent upon the Carnot cycle 
for its d(‘tinition— -a cycle that can be approached but never attained in 
practice, d'he actual temperature-measuring instrument most closely 
approaching such a thermodynamic temperature scale in its reading is 
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the constant-volume gas thermometer. Such an instrument, shovm in 
Fig. 16.2, is based upon Charles^ law stating that the pressure of a perfect 
gas varies directly with the absolute temperature if the volume is kept 


constant. With hydrogen as the gas 
the pressure usually employed at the 
melting point of ice is 100 cm of mer- 
cury. Since it is difficult to find a con- 
tainer impervious to hydrogen at high 
temperatures, nitrogen is commonly 
used for such measurements. Helium 
is generally employed for very low 
temperature measurements because of 
its low liquefaction temperature. 

Complete conformity of the read- 
ings obtained on a constant-volume 
gas thermometer with those of the 
thermodynamic temperature scale is 
dependent upon the use of a perfect 
actual gases, the degree of deviation 



as. Although there are no such 
:om the perfect can be obtained 



Fig. 16.3. Isotherms for a typical gas plotted on PF-P 

coordinates. 


either (a) by determinations of the cooling or heating effect of an actual 
gas upon expansion through a porous plug (§16.5) or (b) by determina- 
tions of the degree of deviation of the gas from Boyle’s law. For a perfect 
gas, pV — a constant, but for a real gas, such as carbon dioxide (see Fig. 
16.3), this statement is far from accurate. By establishing corrections 
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for such (loviatioiis from the perfect it is also possible to establish correc- 
tions for the constant-volume thermometer readings to bring them into 
close conformity with the thermodynamic temperature scale. Absolute 
zero on the thermodynamic scale coincides with absolute zero predicted 
experimentally with the gas thermometer. 

Absolute zero temperature can be predicted by first determining the 
change in volume of a perfect gas with a change in temperature at constant 
pressure. From this change the numl)er of degrees drop in temperature 
re(iuir(Hl to reduce the volume to zero can be calculated. Since a perfect 
gas would contract 1/159.09 of its volume when lowered 1 F at 0 F. 
absolute zero is — 159.09 F. 

In 1927 the Seventh General Conference of Weights and Measures, 
iru'luding representation from 31 nations, unanimously adopted an Inter- 
mit ional temi)erature scale based upon a series of fixed points accurately 


located by gas-thermometer ileterminat ions. Tliis action was taken 
b(‘causi‘ the gas tliermometer is a iliflicult instrument to use practically 
and, furthi'r, because the as yi-t partially unsolved experimental diffi- 
culties involved in the practical attainment of a thermodynamic scale 
made it ex])(‘dient. Such a series of fixed points enables the calibration 
of a wide range of temperature nu'asuring instruments with reasonable 
accuracy. It was furtlu'r stipulati’d that the thermodynamic centigrade 
scale should be rc'cognized as the fuiulamental scale and that the “Inter- 
national scale should conform ... as closely as possible with the present 
knowledge.” It is intiuuled tliat revisions be made in this scale from 
time to time as additional information is evolved. 

Tlie fixed points set for tlie Inti'rnational temperature scale were 
bas(‘d upon the temiKU'at ure of etpiilibrium (a) between liquitl and gaseous 
oxygen (90.19 K), (b) ludween ice aiul air-saturated water (273.10 K), 
{(■) betwei'U liipiid wati'r and its vapor (373.10 K), (il) between liquiil 
sulfur and its vapor (717.70 K), (e) between liquid silver and solid silver 
(1233.7 K), and (f) between liquid gold and solid gold (1330 K). All 
points \\<*r(‘ <'stal)lish(*d at (‘ssentially standard atmospheric pressure. It 
is e\ ideiit that this range of fixeil temperatures iloes not extend down to 
extrenu'ly low ttunjK'rat ures. llowt'ver, many low-temperature fixed 
points ha\-e been I'st ablislu'd with reasonable accuracys although as yet 
there is no inti'rnational agreement or even complete agreement among 
\ ai ious in\-est igators as to the exact values. Acceptable values for some 
ol these lixial points at low temperatures are shown in Table 10.1. The 
IripU' point is defined in §3.1 I, and a transition point may be described 
as a thermodynamic or i>hysical modification that occurs at a definite 
tempeialure. 'I'lu' ti'inperature at which superconductivity occurs would 
be on(‘ such modification. 



16.3. Production of Low Temperatures by Salt-Ice Mixtures. The 
ablishment of an acceptabh' tenq)erature scale for the accurate mens- 
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urement of low temperatures has constituted one of the basic problems 
in cryogenics. Of equal or greater importance, of course, is the develop- 
ment of methods by which low temperatures may be attained. 

TABLE 16.1 

Temperatures of Fixed Points below the Oxygen Points^ 


Fixed Point 'I'emperalxire^ K 

Oxygen, boiling point 90.2 

Carbon monoxide, boiling point 81.7 

Tetrafluoromethane, transition point 76.2 

Carbon monoxide, triple point 68.1 

Oxygen, triple point 54.3 

Oxygen, transition point 43.8 

Nitrogen, transition point 35.6 

Neon, boiling point 27.1 

Normal hydrogen, boiling point 20.4 

Normal hydrogen, triple point 14.0 

Helium, boiling point 4.2 

Helium, transition (y) 2.2 


One of the earliest recorded methods of artificially obtaining temper- 
atures below those of ice, and even now one of the simplest, is to place ice 
in contact with salts, such as ammonium sulfate or sodium chloride. The 
salt, when in contact with the ice, forms a salt solution with the trans- 
formation requiring the absorption of heat. This quantity of heat is 
equivalent to the latent heat of the ice minus the heat of solution and, 
if the mixture is thermally insulated, is supplied by energy contained in 
the mixture itself. The formation of the saline solution dissolves more 
ice, and this process continues until a minimum temperature is reached, 
depending upon the salt used. The equilibrium diagram for ice and 
ammonium sulfate is shown in Fig. 16.4. In this case contact between 
the salt and ice forms a solution of 42 per cent ammonium sulfate by 
weight. More ice is then dissolved and the temperature is lowered until 
the mass reaches a minimum temperature of 19.1 C ( — 2.4 F) and a con- 
centration of 38 per cent. 

16.4. Production of Low Temperatures by the Expansion of Gases. 
Gases may be used to produce refrigeration without a change of phase 
in two different ways: first, by the isentropic expansion of the gas, the- 
oretically reversibly, against a restraining force such as a piston; and 
second, by the free, irreversible expansion of the gas from a comparatively 
high pressure through an orifice or other restriction to a lower pressure. 
Each method will be discussed in turn. 

Isentropic Expansion of Gas. This is the method of refrigeration 
employed in the air refrigeration cycle discussed in §6.2 and at present 


* Adapted from Hoge, Harold J., ‘‘Practical Temperature Scale Below the Oxygen 
Point and a Survey of Fixed Points in This Range,” in Temperature, Its Measurement 
and Control in Science and Industry, American Institute of Physics. New York: 
Reinhold Publishing Corporation, 1941, p. 152. 
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utilized in some aircraft refrigeration systems. The thermod^amic 
relationships for this process are given in Table 3.1, and the drop in tem- 
perature corresponding to a drop in pressure may be found from the 

equation 


- 1 


T 


\ - fe) ' 


(16.1) 


Although a greater lowering of the temperature of a gas may be obtained 
bv such an expansion rather than by the irreversible adiabatic expansion 



Fig. 1G.4. Ice-aininoniuin salpluUc equilibrium diagram. 

of the gas, practical dilliculties limit the use of this process to compara- 
tiv(‘ly high temperatures. A moving expansion mechanism, such as an 
engine, may be subject to lubrication ilifliculties when tlircctly exposed 
to the rapidly lowering temiieratures. Irreversible expansion eliminates 
this problem and simi)lifies the eipiipment necessary but does so with a 
marked lowt'ring of th<‘ etliciency. 

Jo(il<‘-'rhoitii<on or I rrci'crsihlc Expansion of Gas. The free, irreversible 
exjiansion of a perfect gas resvdts in no change in temperature. The 
actual di’op in tiunperature experienced by most gases upon free expansion 
b('lw(‘en two pn'ssun's may be used as a measure of the degree of imper- 
fection of that gas and also as a means of refrigeration. The change in 
temp('rature with droj) in ])ressure at constant enthalpy is termed the 
.Iouk‘- rhoms()n eoetlicient . 


/d7’\ 

U>/» ^ 


(3.131 


which varies with both the temperature and pressure of the gas. For 
each gas there is an inversion point at which this coefficient is zero; above 
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this point there is an increase in temperature with drop in pressure, and 
below this point the reverse is true. This point, however, is not unique, 
since y. varies with pressure as well as temperature. Inversion temper- 
atures for several common gases at atmospheric pressure are shown in 
Table 16.2. 

TABLE 16.2 


Triple-Point, Critical, and Inversion Constants 


Substance 

Triple-Point Constants 

Critical Constants 

1 

Maximum 
Inversion 
Temp., F 

Temp., F 

Press, mm Hg 

Temp., F 

Press, Atm. 

Helium 

-455.8 

38.65 

-450.2 

2.26 

- 418 


(Lower triple point) 




Hydrogen 

-434.4 

51.4 

-399.8 

12.8 

— 108 

Neon 

-415.5 

325. 

-379.3 

25.9 


Oxygen 

-361.1 

2. 

-181.8 

49.7 


Nitrogen 

-345.6 

96.4 

-232.8 

33.5 

658 

Argon 

-308.6 

512.2 

-187.7 

48.0 

842 

Carbon dioxide 

- 69.9 

3880. 

88.0 

1 

73. 

2246 

Water 

32.018 

4.579 

705.5 

218.5 



(Ice I, liquid, vapor) 




Air 



-220.3 

37.2 

626 


The factors affecting the magnitude of the Joule-Thomson coefficient 
may best be defined by the theoretical equations for the porous-plug 
experiment. Since the quantity of dU in the simple energy equation 
(Chapter 3) is an exact differential, this equation may be written 


du = dQ — p dv 
= T ' ds — p ‘ dv 

However, d{pv) — p - dv v ‘ dp 

and therefore d(u + pv) = T • ds v ■ dp 

since the sum of two quantities that are exact differentials is also an exact 
differential. Because the quantity (u + pv) is, by definition, enthalpy, 


However, 



dh = T • ds V ‘ dp 


(16.2) 


and substitution of this equation in equation 16.2 results in 





dT T 



dp V ‘ dp 


(16.3) 


The partial derivative of equation 16.3 with respect to p and with T 
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constant gives the etjnation 


(S), - (I), + '■ 

and the partial derivative of etpiation I (>.3 witli respect to p with h con 
stant results in the e(iuation 

( = t(^) ( — ^ + T ( -) + r = 0 
W/h \d77Ad/>A ^ Vdp/r ^ 

Hy combination of tliese two e(|uations, 


T i i — ^ = — \ t( 

\<yi/p\dp/h L \^P/ 


+ r = - 



= - i£), - 


dp J 


(16.4) 


However, since it may be proved that 


then 


( /) o \ 

r _ [ 

\dp/r L 


d(pT 

dp 



(16.5) 


From eiiuation 10.5 it may be seen that 


In the Joule-Thom.son or porous-plug experiment the quantity ob- 
served experimentally is the eliange in temperature per unit pi'essure 

change or tlie (luantily (f). 

this, the Joule-Thomson coetlicient. is dependent upon two competing 

quant ities. The first of these, { ) > or the change in internal energ>’ per 

\0p/t 

unit eliange in pressure, is usually negative, but the second of these, 
^ ^ represents tlie deviation of the gas from the perfect-gas laws 

(Ip Jr 

and may be either positive or negative. An illustration of the variation 
that may be expected in this term is shown in Fig. 10.3, in which pV is 
plotted against p for a typical substance. When the right-hand member 
of e(juation 10.5 is equal to zero, this defines the conditions for the 
inversion irminratnn' or the temjierature and pressure conditions under 
whicli expansion results in neither heating *ior cooling of the gas. Under 
tliese conditions. 


(dr\ _ TdipF) 

\d/)/r L dp 


(16.0) 


Above tlu'se conditions expansion will result in healing, and below these 
conditions expansion will result in cooling. 
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The values of the Joule-Thomson coefficients are negative for all gases 
under high temperatures and pressures. Under these conditions, there- 
foie throttling results in a warming of the gas. The inversion tem- 
perature for most common gases (see Table 10.2) are above those of 
temperatures normally encountered. Therefore, if throttling occurs 
at ordinary temperatures and from high pressures that are not too high 
a cooling effect results. However, hydrogen and helium behave at ordi- 
nary emperatures as most gases do at high temperatures, since their 
inversion temperatures are -108 F and -418 F, respectively. There- 
fore, if throttling of these gases is to be used to accomplish refrigeration 
It IS first necessary to cool them below their inversion temneratures bv 
some other means. Figure 16.5 shows the temperature-entropy chait 
or air and may be used to determine the Joule-Thomson coefficients for 

this gas by reference to the temperature and pressure changes that occur 
along constant-enthalpy lines. 

Example 16.1. Air at 80 F and 80 psia is e.vpanded to a pressure of one 
tmosphere. Determine the final temperature of the air if (a) e.xijansion occurs 

through ■entraining force and (b) e.xpansion occurs irreversibly 


Solution: 


(a) r, 
Pi 


460 + SO = 540 F abs 
80 lb per sq in. abs 
14.7 lb per sq in. abs 
1.41 

540 

/ 80 

(1477) 


= — 330 F abs 


= -130 F 


75 F From square inch absolute indicates a final temperature of 

a much ^ * examination of the temperature-entropy chart it is evident that 

originatent^I temperature drop could be obtained by this-means if the expansion 

^ higher pressure and a lower temperature. 

ihe average value of the Joule-Thomson coefficient is 


WA 


65.3 


= 0.076 


tion^^'/l Temperatures by Evaporation. The absorn 

tion of heat accompanying the transformation of a liquid to a vanor 

Lt'al^ standard vapor-compression refrigeration cycle 

. so as a means of producing very low temperatures. The container 


V 
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for the evaporating liquid should be insulated from sources of heat other 
than the liquid itself, and the vapor formed m the process should be 
removed as rapidly as it is formed. By this process the triple point may 
be reached and the substance completely solidified. Hydrogen was solidi- 
fied (14.0 K) thus as early as 1899, and helium remained the only gas 

not solidified until 192(5. 



Vol. 177, 1914, pp. 315-332. 


Prior to 1920 many unsuccessful attempts had been made to solidify 
lielium. Onnes at the Universify of Leiden had succeeded in lowering 
llu' temperature to approximately 0.82 K by surrounding the helium with 
boiling hydrogen and lowering the pressure to 0.013 mm of mercury. 
Because no solid helium resulted, it was concluded that its sohdihcation 

was impossible. ^ . 

Keesom,* also at the University of Leiden, tried a ditTerent approae i 

(o the problem in 1920. BridgmaiU had found that by subjecting some 
li.piids to extremely high pressures it is possible to raise the transformat ion 
lemiierature and that many of the physical properties undergo marked 
changi's. I'or example, as indicated in I'ig. 10.0, ice was shown to pos- 
sess at least live allotropic forms. If ice at —20 C (4 I't is subjeetei to 
increasing pressures up to 7000 kg per square eeiitimetei, it can be ^ 
to pass through four allotropic forms and change from a solid to a liquid 


’ (’nrk. .1. M., Ht'iit. Now York; John Wiley A Sons. Ino., 1937. p. 24o. 
* Bridgman, J., Franklin Institute, Vol. 177 (1914), pp. 315-332. 
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and back to a solid again. By using this same approach and subjecting 

liquid helium to the high pressure of 150 atm, Keesom succeeded in 
attaining solid helium. 

The attainment of extremely low temperatures is usually accomplished 
by the evaporation of liquefied gases, in insulated containers and some- 
times at reduced pressures. By this means 90 K may be reached with 
liquid air, 54.3 K with liquid oxygen, 35.6 K with liquid nitrogen, 14 K 
with liquid hydrogen, and temperatures below 1 K with liquid helium. 

16.6. Production of Low Temperatures by Magnetic Cooling. Helium 
is the gas that approaches the ideal most nearly. The lowest temperature 
reached by boiling its liquid under the lowest attainable pressures is 
0.71 K, and lower temperatures must be obtained by other means. The 
lowest recorded temperatures have been obtained through the demagnet- 
ization of certain paramagnetic salts previously cooled by liquid helium 
and subjected to a strong magnetic field. 

All substances may be divided into two classes with respect to their 
magnetic properties. Those repelled by a magnetic pole are diamagnetic, 
and those attracted, such as iron, are paramagnetic. Some of the para- 
magnetic salts, such as gadolinium sulfate, have been found to be best 
suited for obtaining low temperatures by their adiabatic demagnetization. 
If such salts are precooled to a very low temperature so that any thermal 
motion of the molecules will be at a minimum, the molecules may be con- 
sidered as elementary magnets that will be aligned when subjected to a 
strong magnetic field. If the substance is then demagnetized, work is 
performed without external heat exchange. Although this work is not 
mechanical, the result is adiabatic cooling. 

In practice the procedure of cooling magnetically is accomplished in 
four steps, s First, a paramagnetic salt is cooled by surrounding it with 
liquid helium boiling under reduced pressure. Second, a magnetic field 
on the order of 25,000 gauss is applied to the salt, still surrounded by the 
boilmg helium, and the evolved heat is absorbed without change in tem- 
perature. Third, the helium gas is removed and the substance is ther- 
mally isolated at a temperature below 1 K and under the stress of a strong 
magnetic field. Fourth, adiabatic demagnetization, comparable to 
adiabatic expansion of a gas, further lowers the temperature when the 

means temperatures as low as 
0.004 K have been reached, and it is believed temperatures as low as 
U.l^Ol K are attainable. Such temperatures cannot be measured bv 
ordinary means but can be determined by measuring the magnetic sus- 
ceptibility and applying Curie s law, which states that this susceptibility 
IS inversely proportional to the absolute temperature. Figure 1 6 7 shows 


® Debye, Peter, “The Magnetic Approach to the Absolute Zero of * 

Amencan Scientist, Vol. 32, No. 4 (October, 1944), p. 229. Temperature. 


ff 
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schematically the arrangement of materials used in approaching absolute 
zero magnetically. 

It has been proposed that further cooling be accomplished by aligning 
and then demagnetizing the nuclei of the atoms as well as the paths of the 
electrons. It is predicted that temperatures within one one-millionth 
of a degree of absolute zero may be reached in this manner. 



Fig. H).7. ScluMiuitic arnuigcinont for magnetic 
cooling of a paramagnetic stihstance. 


16.7. Production of Low Temperatures by Vapor-Compression Refrig- 
eration. T\\q use of vapor-eomprossiou refrigeration for the production 
of low temiieratures is limited inherently by the solidification tempoiaturc 
of tlie refrigerant (Table 5.5), tlie evaporation pressure corresponding to 
tlic desired temperature, and the diflieulties encountered in the operation 
of any mechanical ('(piipment at very low temperatures. At -100 F the 
corresjKmding absolute pressure for ammonia is 1.2-1 psia, at —155 F the 
pressure for Freon-22 is 0.10001 psia. and at -100 F the pressure for 
propane is 3.2 psia. It is difiicult to operate compressors eiliciently under 
.sucli low pressures when large volumes of gases must be pumped.^ Many 
refrigerants may be used for low-temperature refrigeration, but Freou-l2 
and Freon-22 are by far the most widely applied. Although for small 
loads single-stage compression has been used with evaporator tempeia- 
tures as low as -50 to -00 F, economy of operation usually limits such 
operation lo conditions above -20 F. Two-stage Freoii-l2 systems are 
adaidabU' to evaporator temperatures as low as —75 F and three-stage 
l'reon-r2 systiuns to -00 F. Freon-22 systems operate satisfactorily at 
ti'inperalures 10 to 15 F lower. Figure lO.S shows the single-stage- 
com])r<'ss()r displaeeinent re(pnroments per ton of refrigeration for 
lM'eon-r2 and Freon-22 at ditTerent suction temperatures, and Fig. lO.O 
approximates piaformanee eiirves for three stages of eompressiou for the 
same ri'frigerants. Thv theory of stage eompressiou was covered in §13.5. 

Ueeently several large low-temperature refrigeration installations have 
been designed to use four-stage centrifugal compressors with Freon-l2 
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as the refrigerant. The National Advisory Committee’s Aircraft Engine 
Research Laboratory at Cleveland, the world’s largest low-temperature 
refrigeration plant at the time of installation, operates in this manner. 
Some of the details are presented in §17.4. One inherent advantage in 
the use of centrifugal compression equipment for low temperatures is the 
reduction in lubrication difficulties. 



Fig. 16.8. Refrigerant displacement per ton at low temper- 
atures. Approximate net displacement in cfm per ton. From 
Refrigerating Data Book Applications' Voluniey 2nd ed., American 
Society of Refrigerating Engineers, 1946, p. 415. 

If vapor-compression systems are to be used for the production of low 
temperatures, the common alternative to stage compression is the cascade 
system, in which a series of refrigerants with progressively lower boiling 
points is used in a series of single-stage units. The evaporator of the 
first system operating at the highest temperature is used to cool the con- 
denser of the second system, the evaporator of this unit is used to cool 
the condenser of the third system, and so on. Thus each refrigerant 
circuit is comparatively simple and is a system in itself, and each refrig- 
erant can be chosen that operates best within the required comparatively 
narrow temperature and pressure range. 
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Fig 16.9. Porfornianoo of coiKk'nsing units under sub-zero 
eoiulitions. From lU-frigcraihig Data Book Applications' Vol- 
2nd ed., Amerieiin Society of UefriReratinp Kupmeers, 1946, 

p. 416. 


NH, CH^ 



EVAPORATOR EVAPORATOR EVAPORATO:^ 

Fip. 16.10. (’aseiule system using ammonia, ethylene, and 

methane. 
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The cascade system was first used by Pictet in 1877 for the liquefaction 
of oxygen. This installation employed as intermediate refrigerants sulfur 
dioxide and carbon dioxide. Among other combinations used since that 
time are methyl chloride, ethylene and oxygen or nitrogen, and ammonia 
ethylene, methane, and nitrogen. Figure 16.10 shows diagrammatically 
a cascade system using ammonia, ethylene, and methane as refrigerants. 

Example 16.2 A cascade refrigeration system is designed to supply 1 ton 
of refrigeration at an evaporator temperature of -80 F and a condenser tem- 
perature of -1-80 F The load at -80 F is absorbed by a unit using Freon -22 as 
the refngeiant and is rejected to a condenser at -10 F. This condenser is 

unit using Freon -12 as the refrigerant and operating between a 
-20 F evaporating temperature and 80 F condensing temperature. The 
efngeiant leai^ng the Freon -12 condenser is subcooled to 70 F, but there is no 
subcoolmg of the Freon -22 refrigerant. The gas leaving both evaporators is dry 
and saturated, and compression is adiabatic. Neglect all compression and 
vo umetric losses. Determine: (a) compression ratio for both units; (b) pounds 
f lefiigerant circulated per (ton refrigeration)(min) for both units; (c) theo^^etical 
hoisepower per ton of refrigeration for both units; (d) theoretical disnlacement 
required per ton of refrigeration for both units; (e) c.p. for both unite- (f) dis- 

ho,sfp.w7“,r.m.n^ ®T‘rSS.'p “kI'o'- “•“'"’“'••“•I 

Solution : 

(a) Compression ratio: 

For F-22 unit, = 6.54 

1? 1 O •*. 98.76 

ror J<-12 unit, = 6 46 

’ 15.28 


(b) Pounds of refrigerant circulated per (ton) (min): 


For F -22 unit 


200 


’ 95.68 — 7.96 ~ (ton)(min) 


For F 12 unit, ^ _ 3 85 pj (ton)(min) 

(c) Theoretical horsepower per ton: 


For F -22 unit, 4.717 95^\ _ . , 

\ 95.68 - 7.96 J ~ 

For F -12 unit, 4.717 ( , 3 , . 

\75.87 - 23.90/ ~ hp 

(d) Theoretical displacement per (ton refrigeration) (min) • 


per ton 


per ton 
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fo) Coefficient of performance: 


no.fiS - 7.00 


(114.5 - Oo.llS) -F (90.S1 - 75.S7) 

= 2.0 

(f) Discharfjje temperature' at <'iul of compression. 

I'oi- F-22 unit = 02 F 
For F-12 unit = 105 F 

(k) Total theoretical horsepower retiuired: 

1.0! + l.:i0 = 2.37 hp per ton 

(li) Total tlieoretical displacement reeiuired: 

22.0 + 0.5 = 31.5 cii ft per (ton)(inin) 


(i) Sinj^le F-22 unit: 


1 ♦/%/« I 

('ompression ratio = 7“-^- 


4.7S7 


Kefriiieraiit circulation rate — 


Theoretical horsepower reeiuircd = 


200 _ 

05.0S - 30.99 
3.09 lit per (ton)(min) 

, ./ 134.90 - 95.0S\ 

4.< 1 1 I oix f^f\ 1 


\ 95.0S - 30.99 / 
= 2.S0 hp per ton 

Theoretical displacement reepiired = (3.09) (9. OaO) 

= 29.S cu ft per (tern) (min) 

95.0S - 30.99 

1 34.90' -”95.0S 

= 1.05 
= 210 F 


Coellicient of performance = 


Compres.sor discliarj;e temjteraturo 

It should Ite noted that the inclu.sion of corrections for volumetric and com- 
pression losses will alTect the sin^U'-sta}i;c calculation much more unfavorably 
than the cascade system. 

16.8. Liquefaction of Air. The rKiuefaction of air has become an 
important iinUisIrial process not only for the production of liquid ail 
itself but also in the separation of oxygen. nitrojj;en, hydrogen, helium, 
and many of the rare gases by Iractional distillation. It appears piobable 
that considerable (|uautities ol litpiid oxygen may be used in the future 
for synt lu‘sizing engine fuels by the treatment of natural gas and coal and 
that it may find uses in the metallurgical industry and in the manufacture 
of heating gas. 

Uascade systems of refrigeration have been used satisfactorily for the 
litpiefaction of gases, but more frequently the methods used have applied 
either Joule-d'homson expansion, expansion against a restraining force. 
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or both. The simplest of these is the Linde or Hampson system shown in 
Fig. 16.11. Here air is compressed between points 1 and 2 to a pressure 
of 100 to 200 atm and is then cooled in its passage through the heat 
exchanger between points 2 and 3 to a temperature of approximately 
— 160 F. An irreversible adiabatic expansion occurs between points 
3 and 4 with the air dropping to atmospheric pressure and a temperature 
of —312 F corresponding to the boiling point. A portion of the air, 
depending primarily upon the initial pressure, is liquefied; with an initial 
pressure of 200 atm this amounts to 
approximately 10 per cent. The re- 
mainder of the cold gas leaves the 
separator at point 5 and returns 
through the heat exchanger to the 
compressor. A simplified tempera- 
ture entropy diagram representing 
this process is shown in Fig. 16.12. 

Example 16.3. Determine the liquid 
air yield for a simple Linde liquefaction 
system if the air is compressed to 2500 psia 
and cooled before expansion to —170 F. 

Solution. The air is expanded along 
a constant-enthalpy line from 2500 psia 
and —170 F to a final state point at 1 
atm. The entropy after expansion is 
0.525, and the yield of liquid air is 

0.610-0.525 

0.610 - 0.0 ^ “ 13.9% 

The simple Linde or Hampson system 16.11. Linde system for nir 

is comparatively inefficient and is used liquefaction. 

only when small quantities of liquid air are needed. The improved Linde 
system is somewhat more efficient. Here the simple system is modified to 
provide for two-stage expansion and compression, with a portion of the gas 
after the first expansion bled back through a heat exchanger into the discharge 
of the first stage of compression. Increased economy results from this arrange- 
ment because the majority of the gas undergoes only one expansion to the 

one compression from this intermediate pressure to 

the high pressure. 

The Claude liquefaction system sho\\Ti in Figs. 16.13 and 16.14 combines 
Joule-Thomson expansion and expansion against a restraining force. 
Here the air is compressed to approximately 40 atm betweeen 1 and 2 and 
is then partially cooled by passage through the heat exchanger, 2-3. The 
air stream is then divided, about 20 per cent passing through heat 
exchanger 3-4 and the remaining 80 per cent passing through expander 
3-5. The portion sent through the second heat exchanger is then throt- 
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This system is somewhat more efficient than the Linde system, since 
expansion through an engine or other expander results in lower tempera- 
tures than does Joule-Thomson expansion. However, the use of an 
expander introduces lubrication difficulties unless the system is modified 
as in the Heyland system, in which air is compressed to approximately 200 
atm and the expansion engine is operated at approximately room inlet 
temperature. If the expander is operated at low temperatures, it is 
possible to eliminate lubrication difficulties either by the use of leather 
or fiber piston rings or by the use of an expansion turbine in place of a 
reciprocating expansion engine. In this case the bearings are not sub- 
jected to the low temperatures of the expansion chamber. 



ENTROPY 

Fig. 16.14. Temperature-entropy diagram for 

Claude system. 


Low-Pressure Air Liquefaction. Recently, liquefaction systems have 
been developed® that will operate with air pressures in the order of 100 
lb per square inch absolute. One such system, used for the manufacture 
of liquid oxygen, utilizes both an expansion engine and the Joule-Thomson 
expansion, together with a fractionating tower for the separation of the 
liquid oxygen from the nitrogen. The need for chemical purification of 
the air to eliminate water vapor and carbon dioxide is eliminated by 
incorporating a reversing heat exchanger in which condensation of these 
undesirable products is first accomplished and then followed by an inter- 
mittent flushing of the system by the waste nitrogen gases. In the 
flushing process the water vapor and carbon dioxide are removed from 
the system. The principal advantages of such low-pressure systems are 
that centrifugal compressors of high capacity, high efficiency, and low 


•> Rushton, “Low-Pressure Liquefaction of Air. 

neenng, VoL 63, No. 1 (January, 1947), p. 24. 
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pressure rruiy be used and that chemical purification of the incoming air 
is unnecessary. Both ringless-piston expansion engines and turbo- 
expanders have been developed that may be adapted to such systems. 
16.9. Manufacture of Dry Ice. Solid carbon dioxide, or dry ice, 


despite comparatively high manufacturing costs, has many unusual prop- 
erties as a refrigerant. It is nontoxic and noncorrosive, and it is easily 
handled and cut. As shown in the pressure-temperature diagram of Fig. 
I (>.15, at atmospheric pressure it sublimates directly from the solid to the 



Fig. H). 15. (arboiwlioxulo phase (liagrain. 


gaseous phase at a temperat\ue of — 100 F and may therefore be used to 
maintain a wide range of temperatures up to those required for the pres- 
ervation of unfrozen perishables. At atmospheric pressure the heat of 
sublimation is 240 Btu per pound, am! if the gas is further raised to 32 F, 
an additional 27 Btu per pound of sensible heat is available. By increas- 
ing the pressure the temperature of s\d>limation can be raised to the triple 
point at — (iO.O F, and above the corresponding pressure the solid passes 
first into the liquid and then into the gaseous phase. 

'I'he ])r(‘S(‘rvation of solid carla)n tlioxule is difiicult because of its 
('xtremcly low temiierature. Losses may be rediiced by the use of insula- 
tion, increased pressures, or both; in economical application, however, 
losses are unavoidable and storage must be limited to a few weeks at most. 

Tile manufacture of carbon dioxide gas is a chemical engineering 
problem in itself. The heating of limestone or its treatment with acid 
is (he principal source of the gas. Large volumes are also obtained by 
the cold I'olh'd combustion of coke, and in recent years another source has 
be('n the process of hytlrogenation in the petroleum industry. Some 
(‘arbon dio\id(‘ has been obtained commercially from the fermentation 
of organic sulistances. 

(’arbon tlioxith' gas may be liquefieil by compression to pressures of 
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900 to 1000 psi, followed by condensation in coils, which are usually cooled 
by water. Compression is usually accomplished by three-stage recip- 
rocating compressors. Solidification of the liquid may be done in one of 
three ways: by removal of heat through auxiliary refrigeration, by removal 
of heat through evaporation of a portion of the liquid carbon dioxide, or 
by expansion of the liquid carbon dioxide to a pressure below that of the 
triple point. The first method has been found uneconomical because of 
the very low temperatures that must be attained by the external refrig- 
eration equipment. Modifications of the second method have found 



Fig. 16 . 16 . Simplified apparatus for pro- 
duction of solid carbon dioxide. 


limited use commercially. The third procedure, however, is the one most 
widely practiced for the large-scale production of dry ice. 

The simplest form of equipment that could be used for the production 

of solid carbon dioxide by expansion of the liquid is shown in Fig. 16.16. 

The apparatus necessary is practically identical with that of any vapor- 

compression refrigeration system with the exceptions that means must 

be provided for the introduction of make-up carbon dioxide gas and for 

the removal of the carbon dioxide “snow.” As expansion reduces the 

pressure below that of the triple point, the liquid flashes directly into gas 

and CO 2 snow at the discharge of the expansion valve. This snow is 

quite porous and must be removed from the evaporator or snow chamber 

and compressed by mechanical means into cakes. Although such a 

system as this would operate satisfactorily, the power consumption, 

approximately 450 hp-hr per ton of solid, would be much too high for 
economical production. 


There are several modified forms of the system shown in Fig. 16.16 
that result in a peater yield of solid and a lower unit power consumption. 
Stage compression and intercooling may be used; the snow chamber may 
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be operated at a pressure only slightly below that corresponding to the 
triple point instead of at atmospheric pressure; a cascade system may be 
used with the condenser of the carbon dioxide system maintained at 0 F 
by means of an ammonia, Freon, or similar cycle. Any of these modifi- 
cations increases the efficiency of the basic cycle. By a combination of 
the cascade system, stage compression of the carbon dioxide, and opera- 
tion of the snow chamber at pressures above atmosplieric, it is possible 



Fig. 10.17. Tlirco-stagc system for production 

of dry ice. 


to reduce tiie power consumption to well below 200 hp-hr per ton of snow. 

()n(‘ possible inotiilication of the elementary system is shown in Fig. 
Hi. 17. II(‘re compression is accomplished in three stages, and both flash 
aiul wal(‘r int('rcooling are used. The snow chamber is operated at 
at mospluaic; pressure. The flash intercoolers operate so as to result in 
tla'i'inal ('(piilibrium between the partially expanded liquid refrigerant 
and the nduriting vapt)r. 


Ex-xmclk 10.4. A tluoi'-stago system for the manufacture of solid carbon 
dioxide operates under tlic following pressures: condenser, 900 |>sia; intermediate- 
stage-comj)ressor discharge 400 psia; lo\v-stag('-compressor discharge, SO psia; 
snow or solid ('O- chamber, 14.7 psia. Both flash and water intercoolers are 
used l)etwccii stages (see Fig. 10.17). Make-up CO- entei’s at 70 F and atmos- 
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pheric pressure and the gas leaving both water intercoolers is at 70 F. Calculate 
the theoretical horsepower per (ton solid CO 2 per hr) for operation of the system. 

Solution. Flash intercoolers are designed to bring the refrigerant vapor 
passing between compressor stages into intimate contact wdth the liquid refriger- 
ant passing between expansion stages. Sufficient liquid refrigerant is flashed 
to remove the superheat from the discharged compressor gases. All the refriger- 
ant vapor is drawn from the flash intercooler into the following compressor 
stage, and only liquid refrigerant passes from the intercooler into the expansion 
valve. Since under equilibrium conditions the weight of refrigerant circulated 
in each circuit must remain constant, 

= W 2 , TFm = Wz = ^Vl 2 = ir 4 and Wu = TIT = 11% = TT% + TTs 

The weight of make-up CO 2 must equal the weight of solid CO 2 per unit of time. 
Each flash intercooler must also be in thermal equilibrium. Enthalpy values 
based on a datum of — 40 F are as follows: 


A. 

As 

A; 

An 


^2 — 
A 4 = 
Ae = 
133 
169 
167 


73 Btu per lb 
27 
-12 


Ai2 

Ai3 

Ai4 

AlS 

Ai6 


136 Btu per lb 

167 

155 

138 

152 


After expansion of the refrigerant into the solid CO 2 chamber, 

-12 + 113 
^ ~ 133+113 “ 

and the product yield = 1 - 0.41 = 0.59 lb solid CO 2 per pound of refrigerant. 

h, = (0.59)(169) + (0.41)(133) 

= 154.3 Btu per lb 

and, with adiabatic compression, 

Aio = 194 Btu per lb 

The weight of refrigerant that must be circulated through the low-pressure 
circuit in order to produce a ton of solid CO 2 per hour is 


W, = IFt + 11% = 


2000 


(60) (0.59) 


= 56.5 lb per min 


The weight of refrigerant circulated through the intermediate pressure cir- 
cuit IS 


TF12 = 


W 11 (All — As) 


= 92.6 lb per min 


(Ai2 — A4) 

(56.5) (167 12) 

136 - 27 

The weight of refrigerant circulated through the high pressure circuit is 

^ 14 (Ai 4 — A3) 


TFis = 


(Ais — A2) 


_ 92.6(155 - 27) 

~ jgg yrt — = 182.5 lb per min 
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The icquiicd li<ii\scpo\vei' is 


hp = 


5f).r)(104 - 154) + 02.r>(ir>7 - 136) + 1S2.5(152 - 138) 


42.42 

= 1S1.5 lip per (ton solid CO- per hr) 

16.10. Applications of Low-Temperature Refrigeration. The attain- 
ment of c.vtromoly low temperatures, within a few degrees of absolute 
zero, has its applications primarily in the realm of pure research- Inves- 
tigations at temperatures below I K arc carried out in studies of the 
residual entropy of matter. A perfect crystal will have no entropy at 
absolute zero, but soli<ls with a less orderly arrangment will have entropy 
\’alues corresponding to tlie extent of their disordei. 

Low-temperature research has proved very fruitful in providing 
knowh'dge of some interesting phenomena. One of these is the super- 
conductivity of many metallic conductors at very low temperatures. 
For reasons still incompletely uiulerstood, certain metals such as tin, 
load, aluminum and zinc lose practieidly all of their electrical resistance 
at temperatures of one or two degrees Kelvin. Spectrum lines are usually 
sharpened, and the (piantum levels of solids arc sometimes best inves- 
tigated through absorption spectra at very low temperatures. Many 
transition phenomena in metals occur at low temperatures. Because of 
the reduced amplitude of tlunmal vibrations, the lattice parameters of 
nu'tals are best studied uiuler these conilitions. Low-temperature tech- 
ni(iues have l)een applied with good results to nuclear problems, lor 
example, helium 3, with a mass of 3 instead of 4 and octnirring in the 
atmosphere in only I part per million parts of air, has been separated by 
cryogi*nic laboratory tecluii(iues and has proved important in nuclear 
researches. The i)o.ssil>ilities of basic research of many physical problems 
at low t(*mp('ratures are vast and to a large extent unexplored. 

In addition to the fractional distillation of gases and the manufacture 
of solid carbon dioxide, there are an increasing number of commercial 
ai)plicalions of low-temperature refrigeration. Some of these applica- 
tions in the (it'lds of medicine, metallography, and engineering arc dis- 
cussed in C’hapter 17. 
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PROBLEMS 

16.1, Calculate the average Joule-Thomson coefficient for a pressure drop to 

pressure from 200 atm when the initial temperature is (a) 150 F 
(b) 0 F, (c) —150 F. ' 

t ^ simple Linde air-liquefaction system compresses dry air isothermally 

psia to 2500 psia. If the heat e.xchanger is 60 per cent 
eftcient (based on temperature change), determine (a) air temperature at entrance 

to expansion valve, (b) percentage of liquefied air and (c) theoretical horsepower- 
hours per pound of liquid air. 

suction pressure within a reciprocating compressor corresponds to 

if +V. vapor at -100 F. Determine the evaporator temperature 

n the throttling loss across the suction valves is 3 psi and the refrigerant is 
(a) carbon dioxide, (b) ethylene, (c) Freon-11, (d) Freon-22. (Assume satu- 
ratea vapor at evaporator discharge for an approximate solution.) 

16.4. In Example 16,2 both compressors operate with 2% clearance, a 1.5 psi 
^ction-v^ve pressure drop and a 2.5 psi discharge-valve pressure differential 
^or the Freon-22 system n - 1.15, and for the Freon-12 system n = 1.10* 
oolve the problem under these conditions. 

refrigeration system is designed for the Uquefaction of 
natural ps. A two-stage ethylene compressor operates between an evaporator 
temperature of — 145 F and a condenser temperature of — 10 F A two-stace 
ammonia compressor operates in cascade udth the ethylene unit between L 
aporator temperature of — 20 F and a condenser temperature of 80 F Each 

A ’f P>-oport|oned so that the cylinder compression ratios are equal. 

A stage intercooler capable of reducing the vapor temperature to 75 F is used with 
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the ammonia system and a flash intercooler with the ethylene system. Disregard 
compressor clearance and valve wire-drawing, and assume isentropic compression. 
Determine (a) total horsepower per ton of refrigeration, (b) piston displacement 
per (min)(ton refrigeration) for each compressor, and (c) coefficient of perfoini- 
ance (c.p.) for each compressor and for the system. 

16.6. Carbon dioxide, eventually to be used in the liquid or gaseous phase, 
is frequently shipped in solid form to eliminate the shipping of heavy storage 
cylinders. If 50 lb of solid CO', is idaced in a steel cylinder of 1.2 cu ft internal 
volume and allowctl to attain equilibrium with the surrounding air at 70 F, 
determine (a) internal cylinder pressure, psia; (b) weight of liquid COs; (c) weight 
of gaseous CO-.; and (d) Btu absorbed by solid CO 2 in attaining equilibrium. 


16.7. Compare the cost of refrigeration jicr 1000 Btu supplied by (a) dry 
ice, (b) water ice, (c) mechanical refrigeration at 0 F suction, and (d) mechanical 
refrigeration at —110 F suction. Assume local costs for dry ice, water ice, and 
electric power. Assume condensing-unit performance shown in Fig. 16.9 and 
Freon-22 as the rcfrigciant. (In comparing cost it shoulil be notod that appro.xi- 
inatcly eight times as much refrigeration by water ice as by dry ice is required 
for satisfactory cooling of orilinary refrigerator cai-s. This relationship is 
partially explained by the closer proximity of load to cooling surfaces and by 
more cflicient control.) 


16.8. Fresh frozen shrimp are to be shipiied by air in 7 hr from Florida to 
New York. The shrimp, prefrozen, are to be i)ackcd in insulated containers 
4 X 4 X 4 ft (f' = 0.25). Dry ice at 14.7 psia is used as the refrigenint and 
is so placed in the container that the average temperature adjacent to the walls 
may be considere<l as 0 F. If the ambient temperature is 60 F, determine (a) 
jxtunds of dry ice reciuired for shipment and (b) cost of refrigeration if dry ice is 
available at 3^ cents a pound. 


16.9. A three-stage system for the manufacture of solid CO 2 operates with 
the following i)ressures: condenser, 1000 psia; intermediate-stage-compressor 
discharge, 430 psia; low-stage-compressor discharge, 90 psia; anil snow or solid 
CO -2 chamber, 14.7 psia. Both flash and water intercoolei's are used l>etween 
stages. I\lake-ui> CO-, enters at 75 F and atmosiiheric pressure, and the gas 
leaving the water intercoolers is at 70 F. Determine (a) theoretical horsepower 
per (ton soliil CO- per hr) (b) theoretical piston displacement in cubic feet per 
minute for each ton of solid CO-* ])er hour. 


16.10. Tlie solid CO-- .system of Problem 16.9 is modified to a cascade or 
liinary systmn, with a Freon-22 system replacing the high pressure CO 2 stage. 
'I'hus the two-stage COj system ilischarges to a condenser oi>eniting at 430 psia, 
and tliis in turn is cooled by the Freon-22 evaporator operating at 49.58 psia. 
riu- I'l eon-22 condenser pressure is 174.5 psia. Determine (a) theoretical hors^ 
power per (ton solid ('O 2 i>cr hr), and (b) theoretical piston displacement in cubic 
feet per minute for each ton of solid CO 2 per hour. 



PART V 


R^frig^Tation Applications 




THE JAMMU & KASHMIR UNIVERSITY 

library. 


Class No- 
Vol, 


DATE LOANED 

BooU No. 




Copy 


Accession No- 



CHAPTER 17 


Applications of Refrigeration 


17.1. General. Refrigeration can serve us from the cradle to the 
grave. For some, the benefits start at birth in the air-conditioned deliv- 
eryioom and for afew in the modern incubator* and nursery for premature 
babies. Applications are then encountered and appreciated, though 
often indirectly, throughout life. And for some, refrigeration is even 
applied after death in cooling the slab vault at the city morgue. An 
analysis of these applications will indicate that they may be classified into 
one of the following three general groups : 

A. An aid to some other process 

B. A means of preservation 

C. A factor in comfort improvement 


More specific classifications would include the following 

1. Storage of foods above and below freezing 

2. Transportation of foods above and below freezing 

3. Processing food products and beverages 

4. Freezing food products 

5. Industrial air conditioning 

6. Comfort air conditioning 

7. Ice making 

8. Chemical and related industries 

9. Oil refining and synthetic rubber manufacturing 

10. Manufacturing and treatment of metals 

11. Creation of artificial atmospheric conditions 

12. Medical and surgical aids 

13. Heat pump 

14. Miscellaneous cooling processes 


17.2. Heat Pump. “Heat pump” is the modern expression for a 
re rigerating system in which the heat discharged at the condenser is of 
prime interest and importance. The cooling effect produced by the evap- 
orator IS secondary and is not necessarily utilized. The medium being 
cooled serves as a heat source, and the compressor pumps the heat, picked 
up by the refrigerant in the evaporator, to the higher level in the con- 


‘‘I^cfrigeration Helps Save Premature Babies. 
i-ngtneering, Vol. 49, No. 2 (February, 1945), p. 102. 


389 


Refrigerating 



390 


APPLICATIONS OF REFRIGERATION 


[§17.2 


denser so that practical use can be obtained from it. This application is 
also referred to as reverse-cycle refrigeration, which is somewhat of a 
misnomer, since the familiar basic refrigeration cycle is still used. How- 
ever, in a combined heating and cooling system there is a reversing of the 
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FiK. 17 . 1 . ('ompnrntivo fuel costs for heating. 

utilization of tho energy, since the appliciition of the unit is changed by 
one means or another to give heating or cooling in the space ixs desired. 
'Phis metlnxl of heating was first proposed by Lord Kelvin in 1852. 
few installations were made before 1930, since neither the initial nor 
oi)('rating costs eouUl eompeto with those for conventional systems. On 
tlrst thought, this may not seem reasonable, since the heat available may 
easily l)(‘ thixa* or more times the equivalent heat energy' supplied to the 
conii)ressor. I'his ratit) of output over input is called the coefficient of 
performance for the heat pump and is explained in Chapters 4 and 6. 
The high operating costs have been due to the cost of energy' required to 
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drive the compressor. But the gradual decrease in electric power rates 
combined with the increase in the cost of coal, oil, and gas, particularly 
smce 1940, has changed the economic picture. 

Comparative costs of the heat energy required for heating with the 

heat pump and with the more conventional systems are shown in Fig. 

y.l. Note that the relative positions of the curves have no significance 

but depend on the abscissa scales used. The efficiencies of the conven- 

tonal systems will vary, and true comparisons depend upon many factors 

1 he efficiencies used were arbitrarily selected in order to have some basis 

for comparison but should not be far from those obtained in the average 

forced-air domestic system after a few years of operation. It is suggested 

that the reader draw in his oim line for the fuel and efficiency of interest 
to mm. 

Comparative fuel and electric rates taken from Fig. 17.1 that would 

result in equal costs per million heat units are shown in Table 17. 1. This 

table indicates that, for the heating values and efficiencies assumed a 

cost for heat energy of $1 per million Btu delivered would result from the 

use of coal costing $13.20 per ton, or oil costing 9.1 cents per gallon, or 

electricity costing 1.37 cents per kilowatt-hour and applied to a heat pump 
With a c.p. of 4. t' 


^ TABLE 17.1 

COMPAHATIVE FuEU AND EdECTBIC RatES ThaT PRODUCE EquAE HeaT-EneRGY 

Costs 


Costs per Million Heat Units 


Heat pump — c.p. of 4 at 

Heat pump — c.p. of 3 at !!!!!!! 

^al: 12,000 Btu per lb— 55% eff at. 
Oil: 140,000 Btu per gal— 65% eff at 
Gas: 1000 Btu per cu ft — 70% eff at 
Gas: 500 Btu per cu ft — 70% eff at. . 
Electric resistance heating at 



$1.20 


1 . lOff per kwhr 
0.82ji per kwhr 
$10.56 per ton 
7 .3^ per gal 
56jf per 1000 cf 
28(i per 1000 cf 
0.27^ per kwhr 


1.370 

1.020 

$13.20 

9.10 

700 

350 

0.340 


1.640 

1.230 

$15.84 

10.90 

840 

420 

0.410 


Ho,, requires the availability in sufficient quantity of a 

aependable heat source or medium that can supply heat to the evaporator 

usoH cooled by it. The three basic heat sources that have been 

are air, water, and the earth, as discussed in Chapter 6. Figure 17 2 

res'idont-T** ^ capacities that has been installed in 

t^o q .U commercial applications in California and in several of 
tne bouthern states and uses air as the heat source. 

emphasis has been placed on domestic 

comZT -T ^ development of higher speed and hermetically sealed 

heat tr« f nontoxic refrigerants, together with more efficient 

neat transfer equipment, has made possible the production of compact 
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self-contained units that slu-uld bo competitive with other types of equip- 
ment use<l for year-round air conditioning. Present indications are that 
the initial cost of the hi-at pump can compete with other equipment only 
when year-round air con.litioning is desired. Some thought has been 
given to using combinations of air anil water or of air and earth as heat 
sources and also to using heat-storage systems to reiluce costs. 



Fin. 17.2. Air-to-air Iu*nt-piiinp \init. (’ourtosy Dniver- 

lliiMson, Iiu'., l-os Ann^'W's. 

Dvirinn: and prior to W'orld War 11 most installations were for indus- 
trial and rommercial applieations. mainly for elertrie utility olhecs Init 
also inchulinp; theaters, stores, and faetories. The critical fuel situation 
in Switzerland during; the war ]n'omptetl installations there in industrial 
lilants usinn evaporatitin or distillation processes. These systems have 
oiK'ialed at eoelhei(‘nt s of perftirmance hij^her than those obtained for 
other installations, as hin;h as I I in si>me instances. Consideration might 
w('lt he gi\ ('ll to using the waste condenser heat from a locker-plant i-efng- 
<‘rat ing syslian t o supply iiart or all ot the heat for the oihce and processing 
rooms (see §lP.5h 

iMgun' .-hows a unit |)roposed for use with a ground coil. 

ords of eauti(ai shoidd he heeded by those who intend to design a 
heat-pump system. A fan eapaeity and sup]jly-air ducts larger than 
those for a conventional forced -air heating system are needed to handle 
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tho greater air (juaiU it i(‘s r(‘(iuire(l Ixa-ause of the lowoi- .'^iipply-air teni- 
l^erature. Pk-onoinv of o])(*ralioii indicates using aii* t(Mnp(Mat ures of iOO 
to 1 10 F instead ol 1 10 F or higlua'. If the condcaiser an<l eva))orator ar(* 
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Pig. 17.3. Ground-to-air lioat-punip unit. Gourtesy General Engineering and 

Mfg. Go. 

to intercdiange function.s as the system switches from heating to cooling, 
they must each be designed to function satisfactorily as cither unit for 
the loads involved. One manufacturer of self-contained units decided 
to use two separate circuits, an arrangement that involves two evapo- 
rators and two condensers, and to switch from one to the other, even 
though more ociuipment is re<iuired. When air is used as the heat source 
the ducts can be arranged so that dampers reroute tlic air flow as desired. 
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If rcfrisorant coils arc placed in the ground, the length of circuits and 
problems of pressure drop and oil return must he considered, as well as 
the more important tpiestion of the adequacy of the heat source year after 


year. 


17.3. Medical and Surgical Aids. Members of the medical profession 
have worked with members of the refrigerating engineering profession, 
have carried on original experiments in refrigeration, and have applied 
n'frigeiation in their own work for many years. In fact, Dr. 'William 
C’ullen, who graduated from the College of Physicians and Surgeons, 
Glasgow, in 1729, did some important preliminarj’’ development work in 
refrigeration. In 1755 he wrote in his “Essay on Cold Produced by 
Evaporating Fluids” how he froze water by exhausting nitrous ether 
from a vessel placed in the water. In 1781 Tiberius Cavello, a physician 
born in Naples in 1749 and who later went to England, wrote in the 
Philosophical Transactions of London about his experiments on cooling 
by evaporation of various others and by using air. Dr. John Gorrie, a 
physician l>orn in ('harleston, S. C., developed an ice-making machine 
before 1844. lie used ice to condition air for his yellow-fever patients 
and by 1851 demonstrated the value of ice packs and cooled rooms in the 
treatment of certain tropical fevers. His patent, No. 8080, was ridiculed 
by the American press but was given favorable publicity in England and 
Slaved as a model from which in^'entors the world over patterned their 
work. In 18()9 Dr. Henry Peyton Howard, a physician of San Antonio, 
'I'ex., was the first to transport refrigerated beef by ship. He equipped 
his own ship and transported the beef from Palacios, Tex., to his own cold- 
storage warehouse in New Orleans and then distributed the meat to 
hospitals, hotels, and restaurants. - 

Two major apjdications of refrigeration in modern surgery are in the 
prevention of shock and as an anesthetic in operations on arms and legs. 
(’ontrolhMl cooling ap])lied gradually from the outside can help the body’s 
natural reactions against ordinary shock by reducing metabolism and 
pt'rmilling a concentration of oxygen and plasma at the wound. Local- 
ized r('frig(M'ation has been used as an anesthetic for amputation, because 
cliilling is tlie only known treatment for anesthetizing both the nerves 
and tlu' (‘III ire proto])lasm, and it apparently prevents excessive blood- 
clot formation. Ihirns also benefit from moderate cooling for a number 
of days or weeks. ^ Freezing of local parts of the body can be endured 
for brief periods, and isolated cell structures can be kept frozen in a refrig- 
erator for days, be replaced, and re.sume functioning. But in general, 
temperatures below 40 F are not used. 


* \\ <ioIri('li. \\ . U., “ Mt'rhanicnl Uofrigeration — Its .\moncaii Birthright.” 

Rifrifjvratiruj Emjimvrimj, Vel. 53. No. 3 {Mnr<-h, 1947), pp. lOtVlOO. 

’ Pottor, U. 11., ■* Ih'frigrration Has Beooinoan Instrument forFIeaUng.” Hcfrigcr- 
nUng Knyincinng, \'ol. 52. No. 4 tOctoher. 1040b pp. 300-300. 
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Results of chilling exptu'inieuts by doctors ()\-(‘r t Ik' past s(‘\ (‘ral y(‘ars 
have been reported in the literature.-* ('rossnian and Allen state that it 
might even be possible to restore a cleanly aininitated limb or finger if it is 
quickly packed in ice and sent to the hospital with the i>ati(‘nt. 

Ice is generally used, but specially designed direct exi)ansion and 
brine-chilled blankets as well as ndrigt^rated air chambers have* been 
made that are used to lower skin temi>eratures down to -10 V. W'icha- 



Fig. 17.4. fStratochanihcr. 


('ourtesy York ( orj)., York, lYiiiui. 


applications are continually being found, and research on new and better 
types of equipment is needed. 

17,4, Creation of Artificial Atmospheres. This term has reference to 
applications other than ordinary comfort or industrial air conditioning. 

Stratochambers. Since man desires to travel in the stratosplune, it is 
necessary that vital parts of the machine to be flown, the instruments to 
be used, all necessary etiuipment, and even the fliers themselves be sub- 
jected to atmospheric conditions like those to be encountered, and their 
reactions studied. It is more practical to sim\ilate the stratospheric 
conditions in a stratochamber down on earth and place the items to lie 
observed in it than to do mucli experimenting aloft. 

Various types and sizes of chambers have been built, but most of them 
are divided into a lock, or vestibule, and a main chamber similar to Fig. 
17.4. In chambers to be used to study human reactions and certain 
equipment, a “climb” chamber is built within the main chamber. 
Refrigeration eejuipment is needed that can reduce the temperature in 

^Grossman, L. W. and Allen, F. M., “Surgical Refrigeration and Preservation of 
p 377 American Medical Association, Vol. 133, Xo. 6 (Feb. 8, 1947), 
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the climb chamber from 70 F to -70 F in less than 12 min, and vacuum, 
equipment is needed to reduce the pressure from that at sea level to that 
at 45,000 ft or higher altitude in less than 5 min. These two changes 
must take place simultaneously to simulate climbing. In certain equip- 
ment-testing chambers, snow, ice, and frost forming devices must also 

be employed. 

A chamber designed for physiological tests on six men in electrically 
heated suits would be supplied with 10 efm of ventilation air. The climb 
chamber would be about 18 ft long, the lock about 4 ft long, and the 
diameter 14 ft. The total load for such a chamber at — 70 F would be 
about 2.5 tons. In determining the load a transmission factor of 0.1 
Btu(in) per (hr)(sq ft) (deg F) is recommended to account for the release 
of sensible heat from the ma.ss of material even though the theoret- 


ical U is 0.025. The occiqnint heat is taken as 1380 Htu per hour per 
person. The ventilation air should be tlried by an adsorbent so that 
only its sensible heat is included in the chamber cooling load. 

Using a two-stage Freon-12 system at -85 F suction temperature for 
2.5 tons with interstage liquid and gas cooling would require a 30-hp low- 
stage and a 20-hp high-stage machine. A flooded evaporator with a surge 
drum and liciuid refrigerant pumj) is recommemleil. The refrigerant 
cycle would then be to have the refrigerant vapor drawn from the surge 
drum into the low-stage compressor, discharged through a double-pipe 
gas cooler, drawn into the high-stage compressor, and discharged into the 


water-cooled condenser. The litpiid would flow through a float-valve 
control to a flash-type liquid cooler, to a double-pii>e oil still, and then 
to the surge drum through a second float-vah'e control. The pump 
circulates the litiuid from the surge drum through the evaporator and 
l)ack to the surge drum. More details are given in the Refrigerating Data 
Hook.^ 

Tunnels, The largest refrigeration plant in the United States 
at the time of installation in 1044 is at the National Advisory Committee 
for Aeronautics Altitude Test Tunnel in Cleveland, Ohio. Fourteen 
four-stage Freon-12 centrifugal compressors, each driven by a 1500-hp 
motor, 2()() plate-fin coils cooling 10,500,000 cfm of air, and a 6-ft-diameter 
flash cooler 55 ft long are used to produce 7500 tons of refrigeration using 
58,000 lb of Freon- 12 in 8-in. licpiid lines and in one 45-in. and four 32-in.- 
diameter suction lines. The coils are operated flooded, with a Freon 
pump forcing licpiid through them from (and back to) the flash cooler. 
Conditions comparable to a 50,000-ft altitude can be produced in the 20- 
ft-diamet(*r t(*st section with air speeds over 500 mph. Standard tests 
can be conducted at controlled temperatures from 59 to —67 F, and it is 


.\nu 
p. 421. 


li(fri<jinitiri<j Ihilti Hook, Urfn'ijnadon A ppliaitioiis Vohtine, 
•rii'jin Society of Ucfrig<Tnting F.nginccrs, 1040, “Stratoohf 


2nd od. 
hainbers,’* 


New York: 
Chapter 45, 
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possible to obtain —80 F. In addition to the 21,000 hp for the Freon 
compressors, considerable power is also required for the pumps, fans, and 
auxiliary equipment.® 

There are at least 10 other wind tunnels of various types and sizes in 
the United States, which provide air velocities up to and in the supersonic 
region and temperature conditions from 140 F down to —354 F and which 
use centrifugal refrigeration compressors. 

Artificial Snow. In November, 1946, V. J. Schaefer of the General 
Electric Research Laboratories produced snow from a three-mile stratus 
and cumulus cloud near the Massachusetts-New York state border by 
dropping frozen carbon dioxide (dry-ice) pellets from an airplane flying 
through the cloud. Near-by clouds not touched disappeared without 
giving up any moisture. Another demonstration was made near Port- 
land, Ore., in April, 1947, and rain has been produced on several occa- 
sions since that time. Previously, artificial snow had been produced by 
similar methods in the laboratory. 

The principle involved is that, if clouds contain supercooled water 
droplets, as they often do, the dry-ice pellets furnish nuclei for the devel- 
opment of raindrops or snow crystals. A pellet the size of a pea is capable 
of producing tons of snow as it drops 2000 ft through a cloud. A cloud 
two miles thick can produce about 0.14 in. of rain, but probably only a 
small percentage of this would reach the ground. The Army, Navy, and 
Air Force have been continuing to experiment along these lines,’ but 
certain conservative meteorologists are still quite pessimistic.® If prac- 
tical, possible applications would be the dissipation of winter fogs over 
airports or the steering of snowfalls away from urban areas and toward 
winter resorts or toward storage reservoirs for irrigation and water-power 
uses. This may be a somewhat unusual application of refrigeration, but 
it illustrates the diversity of the field and may stir the imagination to 
think of additional new applications. 

17.6. Manufacture and Treatment of Metals. 

Blast-Furnace Operation. The control of the moisture content in the 
air supplied to blast furnaces for the manufacture of pig iron was sug- 
gested by the first president of the Iron and Steel Institute of England 
in his address to the membership over a hundred years ago. Conclusive 
demonstrations of the value of a dry blast in increasing iron production 
and decreasing fuel consumption were made in actual operation of various 
plants in the early years of the twentieth century. However, the equip- 
uient us ed at that time proved to be uneconomical. 

® Wilson, M. J., “Low-Temperatiire Refrigeration System.” Refrigerating Engi- 
neering^ Vol. 48, No. 5 (November, 1944), p. 369. 

under Control,” Fortune, Vol. XXXVII, No. 2 (February, 1948), 

* Drake, Lawrence, ‘^Rainmakers Are All Wet.” Magazine *48 (March, 1948), 
P- 61. 
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Modern centrifugal refrigeration machines and other improved equip- 
ment have changed the situation to the extent that one company in 
Alabama installed a second and then a third unit after realizing the bene- 
fits of the first installations. A few installations have been made in 
Northern plants, but there still seems to be some question of their prac- 
ticability in the minds of a great number of operators. 

No one seems to know what the optimum moisture content is for the 
air blast. In this application the air humidity is indicated by grains of 
moisture per cubic foot of air. There is not agreement as to whether 1. 
2, or 3 grains per cubic foot is best, but there is no question about a con- 
stant air humidity producing pig iron of a more uniform quality. 

Atmospheric humidity in the Great Lakes region varies from ^ grain 
per cubic foot in the winter to t) grains per cubic foot in the summer. A 
typical 1000-ton blast furnace is charged every 24 hr with the following; 

Ore 1775 tons 

(’oke 850 tons 

Limestone 385 tons 

Total 3010 tons 


The air recpiirod is 4300 tons, or about 50 per cent of the total charge.® *® 
This is roughly 80,000 cfm so that a (>-grain reduction would require 


80,000 cfmXf) gr/cf X(i0 min/hrX 1000 Htu Ib 
7,000 gr/lbX 12,000 Btu/(hr)(ton) 


= 304 tons of refrigeration 


Ileai-Treafmcnt. Since the conventional treatment of steels failed to 
produce a uniform structure in sj)ecial steels, processes involving low tem- 
peratures, in some cases as low as — 130 F, were developed. Liquefied 
gases and dry ice have been used, but with modern equipment mechanical 
refrigeration can also be used. A temperature below — 70 F is hard to 

maintain with drv ice. 

% 

Low-temperature treatment was applied to stainless steel back in 1914 
to develop spring ]u*operties. Research work has been carried on con- 
tinuously, so that entirely satisfactory processes have now been developed 
for low-tem]ierature tn'atment of high-speed tool steels and for other 
steels of various contents of carbon, chrome, molybdenum, nickel, and 
tungsten.** 

Aluminum-alloy rivets tend to harden with ago after heat-treatment. 


’ Dunne, K. VI)., “Dry Blast and Production for War.” Kvfrigcratiug Eugineer'- 
Vol. I t. No. 1 (.Inly, p. 19. 

‘‘’Dunne, U. VD., “ F.eonoinie .Vspeets of Pre-Compression Hefrigen\tcd Dry 
Blast.” Iron aad Sin! Enghu t r, \'ol. \\) ululy. im'2\ p. otV 

“ Rcfrtgrnihng hitlti liiioh, Rtfrigi raliou A pph'catious l'o/u7Mr. 2nd od. Xow York: 
.\ineriean Society of Befrigernting Knginoers, 1U4G. ‘Tx)w Tempen\tnrc as Applied 
to Metals," ('iuiptcr Id. p. tOt). 
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This hardening increases their strength but decreases their workability. 
Special alloys and heat treatments were developed to overcome this tend- 
ency including alloy A17S, which can be Avorked after aging unless the 
forming operation is severe. Alloys 1 7S and 24S must be chilled promptly 
after quenching. The lower the storage temperature, the longer the 
hardening is retarded. At 0 F no hardening occurs for at least a week or 
longer. In some cases —30 to —45 F temperatures are used.^^ Special 
low-temperature containers are used to transport the alloys from the heat- 
treating room to the place of fabrication. 

Miscellaneous Applications. Cooling of metal parts to obtain expan- 
sion fits instead of heating the other parts to obtain shrink fits is now 
practiced to eliminate the problems of oxidation and the need for final 
finishing. Temperatures required vary from —50 to —90 F. Portable 
low-temperature chambers like those for aluminum alloys may be used. 

Refrigeration is needed to cool the electrodes in modern welding equip- 
ment. A cooled antifreeze circulating system has been found to be most 
practical.^® Other applications include cooling brine baths used for 
quenching (fluctuations in metal hardness result from variations in bath 
temperatures), cooling electroplating baths, cooling anodizing solutions, 
and cooling gear-cutter and lubrication oils. 

17.6. Oil Refining and Synthetic-Rubber Manufacturing. These two 
applications are related, since in 1943 the announced goal of synthetic- 
rubber production during World War II was to be about 58 per cent 
buna S and 12 per cent butyl rubber, and the constituents of both of 
these are made mostly from petroleum hydrocarbons.^^ 

Oil Refining. The petroleum industry was one of the first to use 
refrigeration in great quantities and continues to require large installa- 
tions. In 1885 partial dewaxing of lubricating oils Avas done by ^^cold- 
settling” in tanks. Because compression machines in the early days 
suffered from lubrication and other difficulties, absorption units AA-ere used 
more extensively, since they gave equally satisfactory results Avith less 
trouble. The neAv large, improved absorption units described in Chapter 
15 AA^ere developed largely from refinery experiences, and the majority of 
the neAv installations are in the oil industry (see Fig. 17.5). 

Refrigeration is needed off and on throughout the refining process, 
from the time the crude oil enters until the finished products leave. One 
main purpose of refrigeration is to chill the oil at various stages in the 
process until the Avax crystallizes and can be separated out. A temper- 

“ Keller, F., “Refrigeration of Aluminum Alloys,” Refrigerating Engineering 
Application Data 35. Refrigerating Engineering. Vol. 49, No. 2 (February 1945) 

P. 148. 

Refrigerating Data Bookj Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946. “Cooling of Electrodes in 
Welding,” Chapter 54, p. 507. 

^*Ibid., “Oil Refining,” Chapter 52, p. 489. 
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atvire of —50 1' or lower is needed to produce oils having a pour point of 
0 F. Various proeed\ires are used as described in the reference of footnote 
14. Refrigeration is also used in the carefully controlled low-temperature 
recovery in tlie fractional distillation of the lighter hydrocarbons and to 



Fig. 17."). 7tH)-toii jihsorption \nut for i\i\ oil relinory. 

(’ourtosy Worthington i*unip aiul Machinery (.'orp. 

remove the heat of absorption when sulfuric acid is added in the sulfur- 
removing processc's. 

In general. thes(' api^lications may bo classihod as influencing solubility 
relat ionsliips and secviring a separation of components, reducing vapor 
pressure of volatile components, and securing selective chemical reactions. 
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in an absorption ijlant, n‘fri»;(‘rat ion roquiroincnts lan^n from 10 to ‘M) 
tons por million cubic feet processed dailyd^ Steam-<d(M-tor refrimaat ion 
is sometimes used, as shown in F’ijf. 17.(). 

Synthetic Rubber. Literally, this (‘xpression is a misnomer, it should 
he “rubber substitute” or “synthetic rubberlilu* material.” sinc(‘ thes(‘ 



Fig. 17.G. 


25()-ton stoani-jct unit for an oil r('tin(*ry. ( 'ourtesy W’ortliitiglon 

Ruinj) and Macliinery (‘orp. 


new products ar(‘ not chemically the saim* as rublK'r. Ihit tin* (‘xpr(‘ssion 

t lit. 1 . s in that its thdinition must lx* l)as(Ml on common usa^(x 

1 he wartime expansion in this held was tremendous, ami work was 
concentrated on the production of four typ(‘s of materials, buna S, butyl, 
thickal, and neoprene. Incidentally, neoprene ha<l been used for se\'eral 
.Years previous to the war in the shaft seals for nd'rigerat ing; machim's. 
Lroduction details were not publicizf'd <luring the war. and rc'search de\'el- 
upinents have been changing procedures, but certain general information 
has been made available.*® 

Huna S, which was in most demand, is by weight, 1 iiart styrene and 
parts butadiene. Styrene mav b(‘ made from retiiu'rv gas. and buta- 
uiene may be made from alcohol, petroleum products, or otlu'r materials, 
butyl is made from refinery gases. 

butadiene, at atmospheric pressure, boils at 23.5 F, and storage al 


^ C annon, C. ., “Refrigeration Applications in l^'ti-oieuin Processing.” licfrig- 
Engineering, Vol. 51. Xo. 3 (February. p. 130. 

Otis 14., “Some Interesting Prop<*rties of Synthetic Rubber.” Refriger- 
Engineering, Vol. 45, Xo. 6 (June, 1943), p. 405. 
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32 F and 3 psi prossun* is r(‘<*omnu*iidod. Somo producers also asseit that 
styrene should be stored at 32 F to maintain its purity even though its 
boiling point is 295 F at 14.7 psia.‘^ In addition, there are extensive 
refrigeration requirements for the recovery of butadiene (one plant using 
3000 tons of refrigeration at — 5 F to obtain 55,000 tons of butadiene pei 
year) and for some of the subsetpient processing methods in manufactur- 
ing synthetic ruV)ber. 

17.7. Chemical and Related Industries. Refrigeration is a necessary 
part of many chemical processes. One striking example was tragically 
demonstrated by the explosion in Los Angeles, Feb. 12, 1947, which killed 
15 persons, injured more than 150, and damaged about 300 near-by build- 
ings with a loss of nearly S2, 000, 000. Investigation disclosed that an 
electroplating company had been experimenting with a solution of per- 
chloric acid and acetic anhytlride for electrolytic brightening of aluminum. 
This mixture explodes at temperatures above 80 F, so that constant refrig- 
eration is recpiired. One survivor disclosed that employees had been told 
of the cooling-system failure and were dashing out when the acid tank, 
containing 350 gal, exploded. No traces of the bodies of the chemist or 
his assistant could be found. Of course such a mixture should not be 
used, at least in such a quantity or in a locality where people and property 
may be exposed to the possible danger in case of any failure. 

I n general the chemical engineer re(iuires cooling for processes involving 
the following: control of reaction rates, control of solubilities, liquefication 
of gases and vapor, and solidification of liquitls. For economic reasons 
water is usually used if the available supply is satisfactory. Hence geo- 
graphical location is important for many plants. hen water cannot do 
the complete job, refrigeration is used either as a supplement or to do all 
the cooling. The form of refrigeration used depends \ipon the product 
and process involved. In some cases water ice or dry ice is mixed with 
the product, in other mechanical or absorption refrigeration is used, 
or the material being processed may be useti to cool itself. One of the 
largest installations of refrigeration etpupment in the world is retpiired 
for the ethyl-alcohol plant of the Shell Chemical Company in Houston, 
'lex., and 24,000 hp of refrigeration equipment was installed for the 

atomic-pile plant in Hanford, Wash. 

'i'he lieat evolved in the fermentation of sugars to alcohol must be 
nunoved, since a rise in temperature alTocts the etliciency of the operation. 
Cooling is needed to control the reactions in making chlorine bleaching 
mat(‘rials. 'I'lu' common reactions of cellulose may easily proceed too 
far unh'ss eontrolleil carefully by refrigeration. Cellulose is the raw 


•Mtor. Arthur, “ Ucfrigcratioa in the (^il Refining Industry.” Refrigerating 
I-'iujincrniKj, 4(i, No. 4 (Oi’toher, 19-13L p. 225. 

“ Uefrigenition Fiiilure.” H'otituj atul Ventilating, Vol. 44, No. 3 (March, 1947), 
1 >. 102 . 
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material for a type of rayon, cellophane, nitrocellulose, and many plastics 
and lacquers. Minor variations in the process may change the product 
from the base for a fabric, plastic, or lacquer to an explosive. 

Purification of natural gas and of some manufactured gases is accom- 
plished by cooling the gas enough to liquefj'^ the impurities. Combined 
compression and cooling are used to liquefy chlorine and other gases for 
ease of handling and shipment. The distillation and recovery process of 
liquids with low boiling temperatures require refrigeration when condens- 
ing temperatures below those possible to obtain with water are needed. 
These include carbon disulfide and tetrachloride, ethyl and methyl chlo- 
ride, ether, and others. 

Refrigeration is needed for direct chilling and for the air conditioning 
required in the manufacture of gelatin and glue. Cottonseed oil is stored 
at 14 to 40 F to allow the stearin to collect and settle out. The clear oil 
can be filtered off and then will not become cloudy. The stearin is used 
to make vegetable lard by a compounding process that also requires refrig- 
eration. The fats from alcoholic solutions of perfume concretes are 
separated by freezing so that the special odors will not be destroyed by 
high-temperature methods. 

Many salts are crystallized by cooling and by evacuation of the vapor 
over the solution. Refrigeration is used to control accurately the per- 
centage of water of crystallization in the final product.^® 

One of the most important reactions that requires close temperature 
control to prevent loss of product and possible hazards is nitration. 
Aniline dyes and pharmaceuticals are made from nitrobenzene, and 865 
Btu are evolved and must be removed for each pound of nitrobenzene 
made by nitration of benzene. The explosives industry finds refrigeration 
essential, since most of the explosives consist of nitrated materials.^** 

17,8. Ice Making. Although the ice wagon is a thing of the past, over 
54,000,000 tons of ice was sold in 1946 and delivered mainly by truck. 
This figure represents some 86,000,000 ton-days of refrigeration actually 
produced. (A ton-day of refrigeration is 288,000 Btu, or a ton of refrig- 
eration operating for a day — approximately the latent heat of 2000 lb of 
ice.) Most of us are so accustomed to using and seeing mechanical refrig- 
eration equipment that we do not realize there still is such a demand for 
delivered ice. Recent technological development in refrigeration has 
been concerned mainly with equipment to replace ice, so that modern 
ice-making plants differ little from some of those proposed before 1890.^^ 
The latter, however, were an improvement over the plants used to produce 

Refrigerating Data Book^ Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946. “Chemical Industries and 
Refrigerant Manufacture,” Chapter 50, p. 472. 

/6fd., “Powder, Explosives and Pyrotechnics,” Chapter 51, p. 483. 

** Ibid,, “Ice Making Plants,” Chapter 46, p. 429. 
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artificial ico (Inrinf*; and just after the Civil War. United States census 
reports indicate there were at least four plants making ice by 1870. One 
method was to freeze distilled water in cans, condensing it from steam- 
using ecpiipment; also, river, pond, or well water was frozen on two sides 
of refi'igt'rated vcu'tical plates 12 ft high by 20 ft long. Plants using these 
methods have been replaced by “ raw-water can plants” somewhat similar 

to those designed over 00 years ago. 

In order to produce clear ice, air agitation is used to force the dis- 
solved salts and coloring matter to the center of the can as clear ice 
crystals form and grow inward from the can surface, AVhen only 3 to 
4 gal of concentrated salt solutions in the core remain unfrozen, they are 
pumped out and replaced with cooled fresh water. 

C’ans are made in various shapes of 25 to 400-lb capacities. The 300- 
lb can is one of the most popvdar; the smaller sizes are used mainly in 
restaurants and institutions that have their o.vn ice-making plants. The 
fact that the actual weight of ice in a 300-lb can is about 320 lb must be 
considered when designing the equipment. The plant-capacity rating, 
however, woidd be based on 300 lb per can. 

In most plants brine is chilled to about 12 F by ammonia evaporating 
at 3 to 7 F. Raw water cannot freeze without cracking at temperatures 
below 10 F, whereas the limit for distilled water is 0 F, An 11 X 22-in. 
can freezing 320 lb with 12 F brine will freeze 280 lb in 24 hr but will take 
14 hr to fre('ze the remaining 40 lb. The refrigeration equipment required 
to produce 1 ton of ice i)er 24 hr will depend upon the filling-water tem- 
perature, l)rine temperature, constrviction details, and other factors. 
Normally, for 70 F entering water ami 12 F brine practically 1.6 tons of 
refrigeration is recpiired per ton of ice made. 

Since World W'ar II there liave been unprecedented demands for the 
unitary type of ice-making e(iuipment, particidarly for flake-ice machines 
such as sliown in Fig. 17.7 and for automatic ice-cube machines used by 
restaurants, l)ars, hotels, hospitals, and institutions, 

SkddfKj Rinka. Artificial rinks freeze a sheet of ice by direct expan- 
sion cooling t)r by a brine circulating system. The design of the floor and 
pilling system retiuires careful study, and there is a definite type of floor 
construction that is best for each particular installation.-- The simplest 
plan lias th(‘ pipe coils supported in .sand placed directly on the ground. 
Siwh a floor requires considerable maintenance, and the pipes soon cor- 
rode. Th(' more complex constructions have concrete bases with insula- 
tion and hav<' tlu‘ pipe coils in concrete. The insulation is to aid the 
change from an ici'd floor at 15 or 20 F to a dry 70 F floor, or vice versa, in 
a few hours as di'sired in the moilcrn arenas. 


-- iirfriijt rnUutj Ihtta Hook, lirfriiit nifton A ppliaitionn Toh/mc, 2nd ed. New York: 
.American Suciely of Refrigerating Engineers, 1946. “Skating Rinks,” Chapter 47, 

4 j V 
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Steel pipe of I -in. or size is generally used. Wrought iron may 

last longer, but it is more expensive. Experience indicates most satis- 
factory temperature distribution and heat absorption is attained by 
embedding l-in. pipe in concrete on 4-in. centers. The brine-temperature 
rise should not exceed 3 F, and usually a grid circuiting system gives best 
results. Air-relief openings should be included in the piping system. 
Recentb' some small ice-show rinks in hotels have used continuous refrig- 
erated plates. 



Fig. 17.7. Flakicc machine. Courtesy York Corp., 

York, Penna. 

A dry ice at 32 F is best for general skating. Colder ice cracks, 
becomes rough, and gets covered with snow. Thus the brine temperature 
must be controlled to close limits. An electric resistance temperatui'e- 
indicating system is recommended since the heat gain to the ice may 
change rather quickly and a 0. 1 F variation in ice temperature is important. 
Since the total refrigeration load may be three times as great at one time 
as at another, step control of compressor capacity should be provided. 
Changing the air temperature over the ice is a good quick method of ice- 
temperature control. Refrigeration capacity varies from 0.5 to 0.85 ton 
per 100 sq ft of floor. Many construction and operating details may be 
found in the references of footnote 22. 

17.9. Miscellaneous Applications. 

Extreme Low Temperatures. Various actual and possible applications 
m the cryogenic held were mentioned in Chapter 16, and several articles 
on the subject were listed in that chapter’s bibliography reference 3. 
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Included in the results of research during World War II is the develop- 
ment of a new method for producing liquid hydrogen in amounts of 3 to 
5 liters to use where ]K>rtability and simplicity are important. A small 
cryostat also was designed, in which a liter of hydrogen slush can main- 
tain temperatures from U to 20 K for 20 hr.-^ This combined apparatus 
makes possible the use of certain low-temperature bolometers, particularly 
for infrared measurements and for spectroscopic work.-^ A bolometer is 
an instrument for measuring small (piantities of radiant heat. 

Superconducting bolometers make use of the phenomenon that certain 
materials lose most of their resistance to the flow of an electric currentwhen 
subjected to temperatures between absolute zero and about 15 K. The 
transition from an appreciable electric resistance to very little resistance 
takes place within a very small temperature change. In order for the 
bolometer to be sensitive to slight variations in infrared radiation that 
would change its temperature slightly, and hence its electric resistance, 
it must be closely maintained at a constant temperature in the transition 
range. 

An early bolometer used tantalum cooled by a helium bath boiling 
at 3.22 K under reduced pressure. Further research disclosed that the 
resistance transition for columbium nitride occurred near 15 K. This 
temperature can be obtained with litiuid hydrogen and reduce the refrig- 
eration cost to about one-tenth of that necessary to operate in the helium 
range. 

Dr. Andrews and his co-workers at Johns Hopkins University acci- 
dently discovered that the columbium nitride bolometer at about 14 K 
( — 435 F) serves as a radio receiver by itself. Several stations could be 
heard through the loudspeaker which was previovisly used to indicate the 
pre.sence of objects “seen” by the bolometer. Practical applications may 
be found in transoceanic and other long-distance radio, but the cost of the 
refrigeration etiuipment limits its general practicability in ordinary radio 
work. 

The development of a helium cryostat by Professor S. C. Collins of 
Massachusetts lnstit\ite of Technology to provide temperatures below 
2 K ( — 457 F) has been aniunincetl,-*^ Gaseous helium is circulateil 
through a heat exchanger at 200 psi, then expands thi'ough an engine 


UcSorho. \V.. Milton, H. M., niul Andrews, D. II., “New Crvogonie Methods 
of Usini; Li(nn<l Hydrogen.” Chftnirul Vol. 39, No. 3 tOei'cmber, 1946), 

P 403. 

■* Milton, U, M,, “A Supereondueting Holonteter for Infrared Measnreincnts.” 
ibid., p. 419. 

Andrews, 1>. H , Milton. U. M.. and UeSorho. \V.. ”.\ Fast Sxipercoudu'etinE 
Bolometer.” Joiintnl of thf (tpiifdl Sorifty of .lanrnu, \'ol. 36, No. 9 (l4epteinber, 
1946), p. 5IH. 

“Ix)W-Temperature Ueseareh.” Jlnitiny awi Vol. 43, No. 12 

(December, 1946>, p. 93. 
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where it does work. The exhaust from the engine passes to the heat 
exchanger to cool the incoming helium. The entire unit weighs about 
ton and will find application in metallurgical research on thermal con- 
ductivity, embrittlement, and other characteristics. 

Lyophilization. A comparatively new application of refrigeration 
is in lyophilization, or desiccation in the frozen state. This process is 
used for drying substances that change chemically or physically when 
heated. It is used principally in the pharmaceutical field but may be 
applied elsewhere. The product to be dried, for example blood serum 
or penicillin, is first frozen and then placed in a chamber that can be 
evacuated. Refrigeration is used not only to freeze the substance but 
also to remove the moisture ahead of the vacuum pump in the air being 
evacuated from the product storage chamber. The vacuum pump aids 
drying by creating and maintaining an extremely low vapor pressure in 
the chamber. 

Plumbing. In 1947 a British firm announced a portable unit designed 
to stop the flow of water quickly in a leaking pipe to permit repairs. 
Refrigerant is circulated through a tool that freezes the water in the pipe 
at the point of application and is useful if a handy shutoff value has not 
been provided. 

Building Construction. Civil engineering projects often require or are 
greatly aided by refrigeration. Methods of controlling moisture-laden 
soil by freezing have been used for many years to prevent cave-ins and to 
obtain soil samples. Refrigeration has reduced the time required to sink 
shafts and make tunnels through water-bearing strata, also simplifying 
the work. Other applications include the cooling of many massive con- 
crete structures during construction. Cooling is used to remove the 
heat of hydration and to hasten the shrinkage of concrete. It is 
particularly useful in the construction of dams, which are ordinarily 
made in 5-ft lifts. The time between the pouring of the lifts can be 
reduced, and the lifts are more nearly in their final shape before being 
loaded and placed under stress. 

Ice and chilled water have been used in making the concrete mix, and 
copper or thin steel coils, usually of 1 in. O.D. and spaced from 2^ to 6 ft^ 
on centers, have been embedded in the structure. Chilled water is th^ 
circulated through the coils.^® 
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PROBLEMS 


17.1. Detei inine the cost of obtaining 1,500,000 Btu (a) with 12,000 Btu per 
pound of c(Kd at 315 j)er ton, (b) with 140,000 Btu per gallon of oil at O.O^i i^er 
gallon, (c) 1000 Btu per cubic foot of gas at 75c per 1000 cu ft, and (d) for a heat 
pump with a coeflicient of 4 with electricity at l.5c |>er kilowatt-hour. 


17.2. Using the data in P'ig. 12.5 and assuming that t)\e compi'essor capacity 
plus the hoi'sepower input is available as heat in the condemser, calculate the 
coeflicient of performance for a heat pumj) at 105 F condensing and 25 F suction. 
Assume that the actual energy input to the compressor motor is 12.5 per cent 
greater than tlie horsepower input to account for the motor efliciency. 

17.3. Deteiinine tlie coeflicient of ])erformauce of a heat pump at 40 F 
suction and at (a) 100 psi, (b) 120 psi, and (c) 140 psi condensing pressures, 
using I'ig. 12.5. .Assume that the comjuessor capacity phis the hoi'seiH)wer input 
are available as heat at the condenser and the actual compressor motor input is 
12.5 per cent gr(>ater than the iu)i'set>ower injiut. 


17.4. How many ton-days of refrigeration are I'oquireil to pi'oduce 10 tons 
of ice pet day at 12 F from water at 72 F if miscellaneous losses are 15 per cent 
of the chilling and freezing load'? 


17.6. (’ah'ulate the tons of refrigeration required to fit'cze in 4 hr ^ in. of 
50 I*' water on a skating rink 200 X 100 ft if the grovind temt>eniture is 50 F and 
the air temperatuK' above the rink is 60 F. The heat-transfer coefficient from 
the air t() tin' 32 I*’ ice is 1.2 Btu per (hr)(sq ft)(F), and the heat-transfer coeffi- 
cient from the ground to the 20 F ice 0.06 Btu (hr)(sq ft)(F). 


CHAPTER 18 


Air Conditioning 

18.1. Definition and History. Air Conditioning is the simultaneous 
control of the temperature, humidity, motion, and purity of the atmos- 
phere in a confined space. Credit for first using the expression is given 
to S. W. Cramer, who presented a paper on humidity control in textile 
mills before the National Cotton Manufacturers* Association in 1907. 
The term “yarn conditioning** was in common usage, and “air condition- 
ing** seemed to be a logical expression for the process of controlling the 
atmospheric conditions. 

When most people hear the expression “air conditioning,’* they think 
of a cool temperature in a theater or restaurant in the summer and gen- 
erally regard it as a development of the 1930*s. However, by definition, 
air conditioning applies in the heating season as well as in the cooling 
season, and the air-conditioning industry really obtained its start in 
industrial applications in the early part of this century. Since the refrig- 
erating engineer is more interested in summer air conditioning than in 
winter air conditioning, the discussion in this text will be concerned 
mainly with the former. 

Summer air conditioning includes cooling, which may be accomplished 
by one of several means. The best method for a given application 
depends upon the local atmospheric conditions; the quantity, tempera- 
ture, and cost of water available; the type and cost of steam, gas, or 
electric poAver available; and the nature of the application itself. The 
following are the most common types of air-cooling systems: 

1. Direct refrigeration system, in which the refrigerant evaporator is 

an air-cooling unit placed so that the air to be cooled passes directly over 
it. 

2. Indirect refrigeration system, in which the refrigerant evaporator 
cools a circulating medium, such as water or brine, Avhich in turn is used 
in the air-cooling unit. 

3. Well-water system circulating the water through the air-cooling 

unit. 

4. Combination refrigeration and well-water system. 

5. Evaporative cooling system, in which the air-cooling unit is an air 

washer or other device presenting a large amount of wetted surface in the 

air stream and the water used is recirculated. Only enough fresh water 

IS added to make up for that which evaporates and to flush out the system 
periodically. 
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In addition to the type of eoolins e(iuipment to use, the method of air 
distribution employed must be given careful consideiation. Often the 
latter is the most critical part of the installation. Industrial applications 
may recjuiie an even temperature and air movement throughout. Dis- 
agreeable drafts must be a\'oided in comfort applications. Satisfactory 
methods of supplying air from either the ceiling or side wall are known. 

If commercial outlets are to be used, reliable data on them are available 
from several manufacturers. In considering the duct-sizing methods 
used, experience has indicated that less held adjustment and trouble are 
experienced when the static regain method* is used, 

18.2. Direct and Indirect Refrigeration. Direct refrigeration is used 
in self-contained air-conditioning units and in most air-conditioning 
systems under 100 tons capacity in which the air-cooling equipment can 
be located near the refrigeration machine. Of course, most centrifugal 
compressor installations are indirect systems in which water or brine is 
chilled and then i)iped to the air-cooling units, which may be either coils 
or washers, ^^'ith washers, little more than a 7 F rise in water tempera^ 
ture can be obtained, and more space an<.l more maintenance are required 
than with coils. For these reasons finned air-cooling coils are now used 
in most new installations. If winter humitlification is needed, a few small 
nozzles can be used efTectively to spray water over the coil surfaces. A 
study of the economics involved and of the equipment space limitations 
must be made to determine whether indirect or direct systems should be 
used. Figure 18.1 shows a compact factory-assembled air-conditioning 
unit with evaporative condenser. These units are made in capacities 
from 3 to 40 tons. 

18.3. Well Water. Well water may be \ised as the air-cooling medium 
if its temperature is low enough and if it is available in sufficient quantity, 
d'lie water temperature is very important, particularly in localities where 
dehumidification as well as cooling is required. The water temperature 
must be a few degrees below the required apparatus dew-point tempera- 
ture. For example, a community having 52 F well water available uses 
it for air-conditioning offices and sparsely populatetl stores but must use 
refrig('ration in restaurants and other places with high latent heat loads. 

When tlie water available is about 00 F, it may be economical to use 
tlu' water first in an outside-air ]irecooling coil anti then in the I'efrigerant 
condcMiser. In some instances the water from the condenser, whether it 
b(‘ w('ll wafer or other, is run through a coil to reheat the dehumidified 
air, is pipi'd to ll'.e roof and sprayed over the desired area to reduce the 
lieat gain, or is piped to sprinkle the lawn. Provision may be made for 
one oi- more of these additional water uses, which may be inst-alled m 

‘ ('arrii r, \V. H., ('hrme. U. K.. and Grant. W. .V., MotUru Air Conditioningi 
Ilralimi nwi ntHdling. New York: Pitman Ihiblishing Corporation, lft40, pp* 
240 - 243 . 
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series, I)ut it is re(‘(>mineii(l(‘(I that by-pass jjipc' connections lx* included 
to provide a means of contiol. 

18.4. Evaporative Cooling. 'I'his inexjx'iisive nx'ans of cooling may 
be used in climates where tlu* outside wet-bulb temp(*ratur(* d<x's not 
exceed the retjuired dew-point temperature of the supply- air, as in certain 
parts of southwestern I'nited State's. Recirculated water is sprayed into 
the air, which is cooled along the wet bulb line, d'he lu'at remo\'ed in 



Fig. 18.1. 
ovaporutivc 


I ai'tory-asseniblod combiiiod air conditioner, coniprc.s.sor, and 
condenser unit. C:oiirtcsy I'nited States .\ir Conditioning C'orp. 


lowering the dry-bulb temperature of the air is absorbed by the moisture, 
\vhich evaporates and raises the humidity of the air. The recirculated 
Water remains at the air wet-bulb temperature with no external heating 
or cooling, and make-up water is added to replace that which is evap- 
orated. In some units capillary tubes or shredded wood, chemically 
treated to prevent rot and odor, or metal wool, is used instead of spray 
nozzles to present the necessary water surface for air contact. 


18.6. Industrial Applications. Few people realize that air condi- 
tioning is used extensively— until about 1925, almost exclusively— in 
manufacturing plants. Controlled air conditions are essential in the 
manufacture of rayon and various plastics, in color printing, in making 
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many pharmaceuticals, in the tobacco industry, in the manufacture, 
development, and reproduction of photographic materials, in precision 
machine works for year-round production, and in the control of the quality 
of chocolates, certain candies, gum, matches, felt goods, several textiles, 
patent leather, electrical equipment, and any hygroscopic products. 

Hygi'oscopic materials are those in which the moistuie content 
increases or decreases when they are exposed to varying humidity con- 
ditions. Some hygroscopic materials expand and contract appreciably 
with changes in moisture content. One example of this is wood, as evi- 
denced in the swelling of doors and window sashes in the humid sum- 
mer atmosphere as compared with their shrinkage in the dry winter 

atmosphere. 

Hygroscopic moisture is different from the moisture content obtained 
by contact with litpud water. If a wet cloth is placed in a room, it will 
wise moisture until it is apparently dry. The moisture retained in the 
cloth, which appears ilry and has reached an equilibrium condition, is 
the hvgroscopic moisture. If the cloth is heated in a drying chamber 
until no more moisture can be driven out, the final constant ^\ eight is 
called the bonc-cinj weight for the drying-chamber conditions. The ratio 
of hygroscopic moisture in a material to its bone-dry weight when 
expressed us a percentage is called regain. Moisture content is generally 
indicated as a percentage of the total weight and includes both hygroscopic 
and surface moisture. Table 18.1 shows that moisture-regain values for 
various materials vary widely with changes in humitlity. For this reason 
specific standards of regain have been established for products that are 
sold by the pound. 

Benefits to the workers’ health and comfort are incidental in industrial 
air conditioning, but often the design conditions can be adjusted to be as 
near the comfort zt)ne conditions as possible. Specific details of several 
particular applications will be discus.sed in the following sections. 

18.6. Textiles. Both air condititming and refrigeration ai*e essential 
in raj'on manufacture, in order to control the weight and degree of chem- 
ical reaction, to protect the worker from toxic by-products, to control the 
regain in the final prothict, to protect the product from dirt and perspira- 
tion, and to improve worker health ami elliciency.® 

"rhere are not a great many rayon plants, but most of them are large 
and employ several large centrifugal refrigeration compressoi's for cooling 
purposes. 'I'he two chief processes used are referred to as oiscose and 
acetate or as xvet ami dnj spinning, respectively, both of which are 24-hr- 
))er-day (tperations and re(|uire reliable air-conditioning equipment. 

Recommended conditions for several textile processes are given in 

’ Rvfrigcrnhug Ihita Hook, l^t frigrrnlion A ppticaiions Vo/umr, 2d od. Now \ork: 
Aiuericaa Sorioty of Uofrigorating Kafiinccrs. lUtO. “Uuvon Manufacture/’ Chap- 
ter 74, p. ()50. 
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Table 18.2. With the development of air conditioning it was possible to 
obtain these conditions and provide year-round plant operation in proc- 
essing mills located near the source of the raw material. In general, an 
increase in relative humidity increases the length, weight, denier, elonga- 
tion, softness, flexibility, pliability, and limpidity of yarns but decreases 
their strength. A decrease in relative humidity has the opposite effect. 

18.7. Printing. Air conditioning has helped to solve some of the 
troublesome problems of the printer, ^"ariations in weather cause dis- 
torting, curling, and buckling of papers, static electricity, misregister of 

TABLE 18.2 

Temperatures and Humidities Applicable to Textile Air Conditioning^ 


Process 

Temperature 

Fahrenheit, 

Degrees 

Relative 
Humidity, 
Per Cent 

Carding 

75 to 80 

50 to 55 

Combing 

75 to 80 

60 to 65 

Cotton Roving 

75 to 80 

50 to 60 

Spinning 

60 to 80 

50 to 70 

Weaving 

68 to 75 

85 

Spinning 

70 

85 

Rayon Throwing 

70 

60 

Weaving 

75 to 88 

60 to 75 

Dressing 

75 to 80 

60 to 65 

Silk Spinning 

75 to 80 

65 to 70 

Throwing 

75 to 80 

65 to 70 

Weaving 

75 to 80 

60 to 70 

Carding 

75 to 80 

65 to 70 

Wool Spinning 

75 to 80 

55 to 60 

Weaving 

’ 75 to 80 

50 to 55 

Testing Laboratory 

70 

65 


color printing, ink offset, ink misting, troubles ^\^th composition rolls, and 
distortion of wooden cut mounts. Most of these result from the reactions 
of the hygroscopic materials involved. Separate consideration must be 
given to multicolor offset lithography, sheet-fed gravue, wet-process color 
printing and engraving, letterpress, other sheet-fed processes, and news- 
paper and other web-fed printing. Control of relative humidity is most 
important and often results in fairly constant temperature conditions. 

In multicolor offset printing it is necessary to precondition the paper 
properly as well as to control the atmospheric conditions. The paper 
must be able to lose moisture to the atmosphere at the same rate that it 
picks up water from the moisture used on the printing plate. Generally, 
preconditioning to equilibrium in a room with 5 to 8 per cent higher rela- 

* From Heating Ventilating Air Conditioning Guide 1948, Chapter 45. 
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tive humidity than in the pressroom is needed. A humidity of between 
40 anti 55 per cent may be selected for the pressrooms; 48 per cent is con- 
sidered l)est. C'ontrol within 2 per cent relative humidity is required 

with a temperature variation of ±5 F. 

Sheet-fed processes require a selected humidity between 40 and 55 

per cent, Avith 50 per cent recommended. Control within 5 per cent 
relative humidity and 7 F dry bulb is necessary. Web-fed processes 
require 55 per cent relative humidity to prevent edge cracks and static 
electricity. Control within 5 per cent relative humidity and 10 F dry 
bulb is recommended. 

Storage conditions for paper are important. The installation of a 
good air-conditioning system in the pressroom will not necessarily solve 
all the problems. Paper received during cool weather should be warmed 
to storage-room temperature before the package is opened. After it is 
opened, it should be conditioned immediately for presswork if it is not 

already in the proper state. ^ 

18.8. Candy and Gum. Before confectionery manvifacturers used air 
conditioning, they freciucntly produced products of inferior quality or 
lost large batches when the weather suddenly clmnged. Often they were 
required to stop operations during certain seasons of the year. A sizable 
portion of the cooling load in a candy plant, as in a printing plant and in 
many other industrial plants, is the heat from power driven and gas con- 
suming e(|uipment. 

The various types of products and processes reqviire different condi- 
tions and methods of treatment. Usually the production manager or 
foreman knows what the desired optimum conditions arc, and so the air 


conditioning engineer shoultl work closely with him. 

A constant relative humidity of 50 per cent is recommended for the 
starch roiun, where the bonbon centers for chocolates are made. If pure 
cane sugar is used, the temperat ure should be 85 V ; but if glvicose is used, 
the temperature should be 75 F. Cducose is more hygroscopic and more 

susceptible to higher temperatures. 

Hard candy is sensitive to atmospheric conditions. The best product 
is ol>taiiu‘d at about 70 F and 35 to 45 per cent relative humidity. The 
higher t lu‘ percentage of cane sugar used, the greater the relative humidity 


recommended. 

In making chocolate bars a rapiil air circulation is needed to give a 
<|uick set and a high gloss. C'ooler space conditions of 35 to 45 F and 80 
[)er cent humidity are used. Too rapid cooling causes cracking. The 
receiving room from the cooler shouUl be at 05 F and 45 per cent humidity. 

(’hoi*olatt‘-coated candies retpiire conditions depending upon the 
product composition, and slow cooling is recommended. 4he air dev\- 


^ Dota Hook, Hvfriijcratiou Apph'raiions Fo/»mr, 2nd cd. 

.Vinerican Society of UotriKcrating Engineers, 1046, “Printing Plants,” 
p. 638. 


New York: 
Chapter 72, 
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point temperature is important in the chocolate-dipping room for bon- 
bons. Conditions of 61 F and 50 per cent or 67 F and 40 per cent are 
satisfactory. 

In making gum, moisture should be evaporated from the starch at the 
same rate that the starch absorbs moisture from the gum; the importance 
of humidity and temperature control in this operation is apparent. 

Candy storage rooms should be kept at 70 F and 40 per cent relative 
humidity. Nuts should be stored at 30 to 32 F and 75 to 80 per cent 
relative humidity.® 

18.9, Low-Humidity Applications. 

Drugs and Chemicals. Bottles for packaging hygroscopic products 
must be dried out. Relative humidities down to 5 per cent are required 
in some cases. Humidities below 15 per cent are more economically 
obtained with absorption or adsorption dehumidification equipment; 
otherwise, refrigeration equipment is often used. 

A 70 F and 30 to 50 per cent humidity condition is required to prevent 
colloids from absorbing moisture and becoming sticky. Cough-drop 
covering should be done at 80 F and 40 per cent. Effervescent tablets 
need a 90 F and 15 per cent condition for manufacture. Gelatin capsules 
require air having not more than 0.25 grain of water per cubic foot. 
Glandular products and extracts must be kept below 83 F. Hypodermics 
are handled in atmospheres of 30 per cent humidity. Coated pills should 
be made in controlled atmospheres to control the product quality. 

There are too many chemicals to allow consideration here of the con- 
ditions required for the manufacture of each. Their properties must be 
studied and experimental conditions tried for new products. Many 
plastics are made from hygroscopic materials that must be kept and mixed 

dit^^ rooms. Figure 18.2 shows the air-conditioning duct- 
work in a small chemical laboratory. 

Libraries and Museums. Adverse temperature and humidity con- 
ditions, as well as light, dust, acid vapors, and impurities in the materials 
are the main deteriorating agents to art and written records. Recom- 
mended conditions are 70 to 80 F and 40 to 50 per cent relative humidity. 
In addition to installations in libraries and museums, systems have been 
bought by individuals for their residences in order to preserve their rugs, 
tapestries, paintings, antiques, suits of armor, and various relics. Often 
the sensible heat load is small, so that reheat is needed with refrigeration 
systems. Chemical dehumidification systems, some with refrigeration 
aftercoolers, have been used for large installations.^ 


^ Refrigerating Data Book, Refrigeration Applications Volume, 2Tid ed. New York: 

American Society of Refrigerating Engineers, 1946, “Candy Plants,” Chapter 73, 
p. o44. 

^ Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 

toencan Society of Refrigerating Engineers, 1946, “Libraries and Museums,” 
Chapter 76, p. 661. 
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18.10. Metalworking. Ma(‘lnno<l parts reciiiiving close tolerances, 
parts maac in various localities or at various times of the year and which 
are to he assemhlea later, parts re(iuiring several days to machine, and 
replacement parts need to lie made in controlled constant temperature 
surroumlings so as not to expand or contract unevenly. Standard test 





Air cdiulil ioiiinn ;i clH'UiirMl Inlioratory. t ovirti'sy t onsolidntod 
tins Mci'trir hii^lit and l\>\Na‘r t »»., halt inn>i'i’. Md. 


gages must h(‘ k(*pt at conditions ladd constant within +11* anil +5 pei 
ci'ut humidity, since the variation due to a 1 deg temperature change can 
in' di'ti'cleil in gages. l)uring \\ orlil War 11 the orilnance test-gage 
rooms throughout the country were held at l>8 F the year round, with the 
humidity under 51) per cent, llumiilities under 51) per cent should he 
maintained to keep perspiration at a minimum, to prevent corrosion from 
handling, and also to prevent condensation on surtaces. 

1 )(M‘p gold, copper, and coal mines have been air-conditioned in order 
to hav(' tolerahle working conditions. Chane cabs that must move neat 
or o\er furnaces in the steel mills have been coiulitioneil so that an opeia- 
tor can work a full S-hr shift insteail of the very short shifts required 
pii*\iou>ly. 

18.11. Laboratories and Cabinets. Manv small laboratory rooms 
and cabinets reiiuire closely controlled air conditions for testing or pro- 
duction work, t'flen the exact conditions desired may vary over a wide 
range of tempeiatuies and humidities, requiring special eqtiipment. 
(’ontrol mav be obtained bv overcooling anil overilebumidifying, then 

» • V* 
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reheating and rehumidifying, or by controlling a three-way mixing valve 
in the Avater or brine line to the air-cooling coil. 

18.12. Comfort Air Conditioning. There were only a few comfort 
cooling installations before 1920. Air conditioning of the Rivoli in New 
York City and of other theaters throughout the country in 1925 showed 
that summer slumps in the theater business could be overcome, indicating 
that similar seasonal drops in other commercial businesses could be 
countered. The realization by various establishments of the economic 
advantages of comfort air conditioning gave impetus to the growth of tlie 
industry. In many of the first installations the temperatures in the air- 
conditioned spaces were too low for comfort and good health. Inside 
design temperatures and thermostat settings were gradually raised from 
70 F to within a few degrees above or below 80 F. 

Personal experiences and results of investigations indicate that worker 
efficiency and morale as well as productivity and profits improve with the 
use of proper air conditioning. Merchants formerly installed air con- 
ditioning in order to draw more customers; now they must install it to 
keep from losing customers. The reduction in spoilage of merchandise 
and cleaning bills alone has made it worth while in many instances. Air 
conditioning has arrived, and, like refrigeration, it is here to stay. In 
1946, in Baltimore alone, air-conditioning contracts (exclusive of room 
coolers) for over 7559 hp Avere let, including 6711 hp for 299 comfort 
installations. In Chicago in 1946 there AA^ere 517 air-conditioning instal- 
lations totaling 9335 hp. A lack of equipment to meet the demand 
prevented the total figures from being even greater. 

18.13. Stores. Department Stores offer a variety of problems Avith 
restaurants and lunch counters, high heat concentrations in lamp depart- 
ments, variably populated basements, sparsely populated rug and fur- 
niture departments, and sun load in certain spaces. The large stores 
employ Avater-chilling refrigeration equipment; the chilled Avater is 
pumped to dehumidifying units that serve several areas, Avith separate 
an and duct systems for each. This arrangement permits using a diver- 
sity factor so that the dehumidifying and refrigeration equipment can be 
smaller than the sum of the peak loads for all spaces. The equipment 
should be designed to produce 78 F and 50 per cent relative humidity on 
an average peak day. Direct-expansion refrigeration equipment A\ith 
each compressor serving units on one, tAvo, or three floors may be more 
economical for smaller stores. Installation costs in 1948 varied from 

5 .00 to $2.25 per square foot of floor area, A\ith loads varying from 500 
to 200 sq ft of floor per ton.® 


fiooA-, Refrigeration Applications Volume, 2nd ed. New York- 
p Society of Refrigerating Engineers, 1946, “Department Stores, “ Chapter 56, 
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Fivr- and Irn-ccnl storrx as a rule are of .such size that a direct-expansion 
n.f .iteration system with one or more dehumidifying units each serving 
„ne or more zone fan systems, works out best. People and lights cause 
most of tlie room load, with the cooking eiiuipment contributing appre- 
ciably in the lunch-counter area. Loads vary from 350 to 120 sq ft per 
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l ig. SrU-fontaiiuMl iiir-oomlit ioninj; unit, (\nirtosy Sturte- 

vaiit Division, \Vvstinj;lu>nso KUatriv Dorp. 

Ion, and installation costs in 1018 varied from SI. 25 to S2.25 per square 
tool ()l lloor.^ 

Spcrialtif stores siu'lt iis dross, jowolry. and shoe shops ami drugstores 
()t nu'diiiiu si/e are now eondilioned with the large-size self-contained 
niiits having Ians designed tor ductwork systems. In small stoics one 
or more sell-contained “store coolers’* are used more often without duct- 
work hut somelinu's with slu>rt duet systems. A typiciU unit is sho^^n 

fill/, nih m/ Ihtlit Honk. iiifri(/i rnlioii A (ifil Irotions 2nd od, Now^ork. 

.\mrriran Soi'ii'lv of Uofri^rrat inj; Kn^inorrs, lU-Uk “ V'ive and Ton Cent Store's, 
(’hapttT 57, p. 525. 
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in Fig, 18.3. Outside-air duct connections should be used to provide 
ventilation, reduce odor concentration, and prevent infiltration. Loads 
vary from 350 to 110 sq ft of floor area per ton, and installation costs in 
1948 varied from $1.50 to $3.00 per square foot. 

18.14. Restaurants and Night Clubs. The cooling loads in these and 
similar establishments are quite variable, with the peaks often occurring 
at more than one time in a 24-hr period. There may be considerable heat 
gain from cooking equipment, and this must be separated into sensible 
and latent heat. As much of the cooking equipment as possible should 
be removed from the conditioned space to the kitchen, and the total heat 
output from the equipment remaining in the space can be reduced 50 per 
cent by adequate hooding. Separate outside-air kitchen-supply systems 
^vith filters and vinter tempering coils are recommended to supply air to 
replace the greater part of the air exhausted from the kitchen. Failure 
to provide such supply-air systems has given rise to many troubles and 
complaints. • 

The high concentration of people generally produces a low sensible- 

heat factor, necessitating a low apparatus dew point and also requiring 

a high percentage of outside air to relieve the odor and smoke conditions. 

An exhaust system to draw air off the ceiling is recommended where there 

is considerable smoking. Armings, or at least Venetian blinds, should 

be used on sunlit ^vindows. Door infiltration should be considered, and 

a vestibule or revolving doors should be installed if they would reduce the 
load appreciably. 10 

Activated carbon may be used to advantage to absorb odors and 
reduce the outside-air requirements if smoking is not excessive or if the 
smoke can be effectively removed by exhausting less air than is brought in 
from the outside. Dehumidification by absorption or adsorption equip- 
ment has been used in some instances. Self-contained air-conditioning 
units with or ^vithout ductwork are used in small establishments. 

Design loads vary from 135 to 75 sq ft per ton, and installation costs 
in 1948 were between $2 and $5 per square foot of floor area. 

18.16. Multiroom Buildings. These include office buildings, hotel 
guest rooms, apartments, hospital private rooms and wards, and pas- 
senger-ship staterooms. Most of the rooms have one or more outside 
exposed walls so that the sun load must often receive careful consideration 
and study. The light load may also be of considerable magnitude, and 
the question then arises whether the lights will be on or off when the sun 
load occurs. The lights are seldom turned off in offices where artificial 
light is required for part of the day, but they are usually turned off in the 
rooms of other buildings when sUn shines through the mndows. 

Refrigerating Data Booky Refrigeration Applications Volumey 2nd ed. New York: 

merican Society of Refrigerating Engineers, 1946, “Eating and Amusement Places,” 
Chapter 59, p. 544, 
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Since the soliir heat gain is eonstantly shifting, ships and buildings 
having rooms with different exposures must be zoned. This means that 
at least one separate <hu‘t system with its own control should serve those 
rooms exposed to the east and likewise for those to the south, to the west, 
to the north, and also for the interior rooms. Provision should be made 
to meet the critical sunny fall and spring days when heating is required 
for the nortli rooms and cooling tor the sovith rooms. 



I'ig. IS.-l. Window-type room eooler. Courtesy \ork 

Corp., York, IVima. 


Meat from hot-water pipes, from internal etiuipment. and from adjoin- 
ing warm siiaces must not be overlooked. In accordance with the latest 
practice, the outside-air (piantity is computed from the values in lable 


TAPbK 1S.3 

\’KN’ TM.ATION StANU.VHOS'* 
Ti/fir (i/ liuihlhKj 

Ollicc f>uildings 

Apartments 

1 1<U(‘I guest |•<loms 

Ihispital j>atiiMit rooms 


Outside cfm per sq ft 
Floor Area 

20-25 

25-30 

30-35 

30-35 


IS.d, rh(‘S(' values art' satisfactory, since there are few or no people 
smoking in the den.sely poptdatetl areas anil the greatest amount of 
smoking is doin' in the large private otlices. 

In ru'w buildings iinliviilual units are being installed in the small and 
pri\ al(' oirua's and svipplieil with delmnuilitieil outsiile air at conventional 
\{‘loci(i(‘s Irom ducts bch)W or in the lloor or from vertical high-pressure, 
high“\-clocity ta)nduits of 1 to 8 in. diameter. In either case recirculateil 


l'tn!n litfriiiiiiitinii Diilu litutk, Refritinotion A pplieatiotis Po/io»c, 2ud od. New 
York: Anna h an Sorirty of Urfrigi'rat ing t.ngiiuM'is, lOtO. '* Multi-room Buildings, 
Clmptcr t)0, p. I 
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air from the room is induced over a uatc]- coil and mixed with the high- 
pressure jet of the primary air and discharged hack into the room. If 
only a few small offices are to be cooled, .self-contained room coolers of 
i to li tons such as shown in Figs. 18.4 and 18.5 are used. 

Loads for office buildings vary from 500 to 200 sq ft per ton, and 1048 
installation costs ranged from SI. 25 to .S4.50 per s<iuare foot of floor area. 
For apartments and hotel rooms the values are 900 to 400 sq ft per ton. 

18.16. Amusement Spaces. 

Theaters. Many changes in ecjuipment and system design for theater 
air conditioning have been made since the Los Angeles Metropolitan 



Fig. 18.0. (’oiisole-type room 
cooler. Courtesy York Corp., York, 
Penna. 


Theater installation in 1923. Enough experience has been gained to 
ormulate standard recommendations. 

The cooling load consists mainly of the occupants and of the design 
outside-air quantity'-, which is based upon the occupancy. The average 
man gives off 400 Btu per hour but the average woman only 350 Btu per 
our and the average child 270. Thus, if the audience consists of an 
appreciable percentage of women and children, the average heat gain per 
occupant may be as low as 350 Btu per hour. The minimum outside-air 
quantity used when smoking is not allowed is 5 cfm per person, but this 
usually will not provide enough dilution to reduce the odor concentration 
. S^*^orally preferred. A value of 6.25 cfm per occupant, 

uding standees, is recommended, but the value actually used depends 
^Pon the type and location of the theater. 

Inside design conditions of 78 to 80 F \\’ith 55 per cent relative humid- 
1 y are recommended. The apparatus dew point will then be slightly 
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above 53 F Downward diffusion or horizontal diffusion of the supply 
air may he used. In horizontal diffusion, blowing from the side or from 
rear to front is preferred, and 15 to 18 cfm per occupant is sufficient. 
About 25 cfm per occupant is required with downward diffusion to pre- 
vent cold spots. As in other applications, provision should be made for 
handling all the air from the outside in mild weather in order to save on 
operating costs. Incidentally, the installation of radiation at aU doors 

and on the stage is recommended.'- 

Total loads vary from 20 to 15 seats per ton, and installation costs in 

1948 ranged from $15 to $30 per seat. 

Howling Alleys. Air conditioning has also made it possible for these 

establishments to function the year round. When estimating the load, 
490 Rtu sensible heat and 1010 Btu latent heat per bowler is used, but 
only one person per alley can actually bowl at any one time. Only the 
occupied space is conditioned, and air is distributed either from the 
side or toward the bowler from a short distance down the alleys. 

Dance Halls and Skating Rinks. An adult actively dancing or skating 
produces about 450 Btu per hour sensible heat and about 940 Btu per hour 
latent heat. It should be remembered, however, that all those present 
are not actively participating all the time. 

18.17. Transportation. 

Trains. 4'he railroad imlustry was the first in this classification to use 
air-conditioning eipiipment, initially installing it in about 1930. Three 
metliods of refrigeration are used at present: ice bunkers, mechanical 
compression, anil steam ejection. Initial cost of the ice system is low, 
but operation cost is high, so it would be most practical where the season 
is short and ice is inexpensive, as in Canada. Costs of the other two 
systems are comparable. Flectric drive, internal-combustion-engine 
drive or direct-shaft drive may be used for compression systems. Each 
system has certain advantages and disadvantages.'^ The cooling load 
per car is from 0 to 8 tons, and 2000 to 2400 cfm with 25 per cent outside 
air is circulated. Typical refrigeration and related equipment installed 

in a train built in 1947 is shown in Fig. 18.0. 

Airplanes arc continually being changed in design and operation, so 
that any specific information given may soon be out of date. It appears 
that the practical way to absorb the heat of pressurization is by lur-to- 
air refrigeration. Bight, high-speed 5-ton units seem to be preferred. 
Since the load w liile on the ground greatly exceeds that in flight, mobile 


From liffrigvraling Data Hook, Hefrigerotion Applications Vo/h 2nd cd. New 
York: Ainorii’mi Society of UrfriponUing Knginoers, 1940, “Theaters,” Chapter 61, 

p. 573. . 

Hrfrigi raling Doto Hook, Hefrigt ration Applications Fo/Hme, 2nd ed. New lork. 
Aineriean Society of Hcfrijjcniting Fnnineers, 1940, “Passenger Cars,” Chapter 63, 
p. 596. 
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sell-contained units or underground units at loading locations are con- 
nected to commercial planes that are awaiting tukeolT.'-*-** *^ (vSee §7.10.) 
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l^ig- 18.6. Passenger-train refrigeration. C’onrto.sy 

Motors Corp. 


Frigidairc Division, 


(loneral 



Fig. 18.7. Combination supply- and 
return-air ceiling unit. Courtesy C'on- 
solidated Gas Electric Liglit and Power 
Co., Baltimore, Md. 

Buses and trolleys are new applications. Air conditioning was first 
gfP ^ed to flee t operation in 1938, but by 1942, 75 per cent of all intercity 

Is ’ '‘Airplanes,” Chapter 66, p. 606. 

^ Luxury Airliner.” Heatuig and Ventilating, Vol. 43, No. 10 

Air Conditioning Aircraft.” Heating, Piping and Air 
conditioning, Vol. 18, No. 4, p. 79. 
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Imr. 18.8. DiaKrain of nll-yonr air-coiiditioiiinK ryrlo. ('ourtosy Sorvol, Inc. 

buses under const ruction were air-conditionetl. Mechanical compres- 
sion units are beinj^ driven from the main en»:ine or by a separate gasoline 
engine. Present e(juipment weighs Irom 1000 to 1200 lb, or 20 pei cent 
of the total passenger load. Capacities range from 3.5 to 4 tons for 35- 
to 40-passenger buses. Heat-absorbing glass and double sash are desir- 
able, but the latter adds weight. Air supply through a perforated ceiling 
is probably tiie best procetlure.^^ Greyhovind started to put in operation 
1500 new air-comlitionetl 37-pnssenger buses in 1947 and built an exper- 
imental 50-passenger double-decker tor long runs. Design det-ails for 
air-conditioning 30 and 41-passenger bvises have been published. 

An air-condit ionetl trolley coach in Atlanta wa^ so successful that 100 
additional coaches were ortlered; some details of this venture have been 
published.'^--® 

*■ Rf fn'ijrrntiiig Data Hook, Rt frigvration A pph'catious Volume, 2ud cd. New \ork: 
.‘ViiiericMn Snrirtv ef Ucfrifit'TMt iMiginoors, 1U18. “Hxisos,” t'haptcr 64, p. 601. 

‘’.Xir ( 'umlit ioiumI Husrs," Ileatittg atul Ventilotingy Vol. 43, No. 2 (I*ebr\iftry, 

p.n(U. p, so. 

“ Ucsulls of Slmlii's of .\ir ('omlitionod Trolley,” Healing and 1 
\'ol. -13, .\o. ‘.I (ScpteiiilnT. 10161, p. U2. 

( 'oo!('(l Trolley ( 'oaehes." Heating ami Ventilating, Vol. 44, No. 4 (April. 
1947). p. 116. 
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18.18. Residences. The potential market for residential air condi- 
tioning is tremendous. The Edison Electric Institute reported in 1942 



log. 18.0. Absorption refrigeration 
equipment. Courtesy Serv'd, Inc. 



Fig. 18.10. All-year air-conditioning 
unit. Courtesy Servel, Inc. 

that only 22,000 of 21,000,000 urban homes with electricity had air-con- 
itioning installations, and new homes are being built as fast as possible 
since World War II. The cost of the equipment still remains as the 
unso ved problem and presents the greatest obstacle to widespread usage. 
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TtuM’o is a to ('n<rino(Ms to mcot an<l solve this hy new applica- 

tion. <i(‘si«rn. or production i)roc<‘dur<'. 

Most ot tlu' IicmI jiain is troin t ransmission and solar heat, which pie- 

scnts a control i)rol.l(Mn in lai-c houses as tlie sun load shifts during the 



I II- IS 11 ,\ll-\iar ;ui -romlit itaiiiej; ri|nipnu'nt . Ceurtoy SiMVcl. Inc 


dav. It i> nece»ai >' to in>tall i efrii:erat ion t-apaeity only tor the maxi- 
nuim load tor tlie liou^e a" a wluile and not for the total i»t the maximum 
room lomU. W iiti loieed-alr sy>tem> hi‘^h->ide-w all supply reiiisters aio 
piet erred , and with proper loeat ion ol I lu*>e and ol ret uvu grilles, the same 
system mav lie n^ed t<u lu'alin^. It tlie rUu'tWruk can he hH’atOrl aho\C 
tlie eeilm'j;. eomlunaiion >upjdy and leturn-air units can ho vised loi 
cooling. a''>lnw\n in V\\x.. lS-7. 
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Self-contained room coolers such as are shown in Figs. 18.4 and 18.5 
aie sometimes used if it is not desired to cool the entire house. Year- 
round gas-fired units using absorption refrigeration have been developed 
in recent years, as well as the electric-driven heat-pump units for the 
central-type system. The schematic diagram of an all-year gas-fired air- 
conditioning unit is shown in Fig. 18.8 and the refrigeration equipment 
only in Fig. 18.9. The external casing is shown in Fig. 18.10 and the 
entire unit in Fig. 18.11. More air is desired for cooling than normally is 
used in forced-air heating, so that larger ducts should be used. Satis- 
factory results can be obtained in some cases by installing a cooling coil 
in an existing forced-air heating system. 
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PROBLEMS 


w'eighs 100 lb after reaching equilil>rium at 

rpnT humidity. How much will it weigh after equilibrium if 

removed to a 20 per cent humidity room? 

18.2. How much MU kraft wrapping paper weigh at 80 per cent humidity 
pel pound of paper at 10 per cent humidity? 


rlif j adjoining spaces each of 3000 sq ft floor area are to be air-con- 
loned. One is to be a restaurant and bar, the other a ladies' dress shop. 

r... probable range of refrigeration tonnage for each and the 

p obable range of cost of air conditioning at 1948 prices? 

18,4. Calculate the total cooling load for the following office in Philadelphia; 


Inside conditions: 78 F dry bulb, 66 F w^et bulb 

Net east w^all, 12-in. brick, ^-in. plaster 99 sq ft 

Net east glass with inside Venetian blinds 4S sq ft 

Gross window area 58 sq ft 

Partitions, 4-in. tile, plastered each side 442 sq ft 

Glass partition 93 sq ft 

Floor, asphalt tile, 4^in. concrete furred and plastered. . . 270 sq ft 

Ceiling, same as floor 270 sq ft 

vCcup3,nts« 2 

Adjoining spaces: nonconditioned offices 


casp^tn^Vn median value from the range of values given for each 

conHH* ' determine the floor area or number of seats that a 20-ton air- 

nmtiomng system would serve for each of the foIIoMng: restaurant, dress shop, 

cost at 1947'^r^cer?°^^’ theater, (b) About how much would each system 



c;hapter 19 

Food Preservation 


19.1. General. AlthoviK^i “ man shall not live by bread alone, food 
and drink are necessary, and refrigeration is essential in many phases of 
the preparation, storage, and distribution of various foods and beverages^ 
'I'he primary purpose of foo.l refrigeration is to aid preservation, which 
has contributed greatly toward increasing the standard of lumg as nell 

as reducing wastage. cc a 

There are four distinet seientiiic approaches to the problem of food 
nreservation : heat treatmmit. as applied in canning, drying or dehydration, 
physico-chemical modilicatioiis, and refrigeration. The primary purpose 
in each of these methods is to arrest the growth, to inhibit the action, or 
actually to destroy the microbiological and enzymic agencies that even- 
tually would break down, deteriorate, or spoil the food substance^. All 
arc based on scientific principles which can be understood or applied most 
elTectiycly after stu.lyiiig the re.sults of the research work that has been 

co nducted ill that purticviUir iiohl. r • ■ 

Nicolas Appert has been credited with the discovery of canning in 

1809 in France He won great acclaim and was awarded 12,000 francs 
l)y the emperor Napoleon for his crude method of preserving food in 
bottles, ('aiming eont iimed to be the most popular method of preserving 
food in small <iuantities for over a century, but moileru refrigeration is 
the most promising for preserving foods in their natural state for com- 
paratively long periods of time. “And few patrons want to go back to 
canning and pickling after they have eaten frozen food.'^' Food pres- 
ervation was one of the iirst applications of mechanical refrigeration; even 
frozen meat was successfidly shipped from the United States to Englan 
as early as 1875. Tiie recent great expansion in this field probably will 
continue, since it is being constantly aiiled by research and development 

work." 

'V\\v refrigeration method of preserving is applied in various ways to 
dith'reni products, (’hilling of a fruit or vegetable retards its rate ot 
maiuring and thus may prolong its life. Keeping a product at a leduce 
lempeiaturc also retards the spread t^f bacteria that would cause tie 
[)rothict to spoil if allowed to become active. Many food products can 
be ]iresei \ (m 1 and made to retain their original llavor and textuieb\ pioper 

‘ •l iv.'/. r l.<uk('is.'’ rortunc, Vol. 'M\. No. 3 (jM'pteinhcr. 19471, p. 198. 

S. l .. “'riu' Pn^^ross of hesi'aroh in Uofrigoration.” Hefrigeraliug 

Engittt'i ring, Vul. 53, No. \ ^January, 19471, p. b>. 
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freezing. Several of the applications of refrigeration in food preservation 
mil be explained in the following sections. 

19.2. Food Freezing. 

Theory, The practical benefits of extremely fast over slow freezing 
rates have been clearly demonstrated. The advantages are attributed 
to phenomena as explained by two theories, both of which probably apply. 

The mechanical theory points out that plant and animal tissues consist 
of many cells containing and surrounded by a liquid having various types 
of substances in solution or suspension. Among the changes that take 
place during cooling below 32 F is the formation of ice crystals. Most 
of the crystals form between 31 and 25 F, but small amounts may con- 
tinue to freeze out until — 70 F is reached. The amount of ice formed at 
any given temperature seldom varies mth different chilling rates, but the 
size of the ice crystals varies inversely vdth the speed of freezing. The 
effect is similar to that of a quenched steel. Slow cooling produces fewer 
and larger crystals, which, as they develop and grow, damage the cell 
tissues. Upon thamng, the substance with damaged tissues loses its 
original texture and tasty juices. Since animal cell walls are more elastic 
than fruit and vegetable cell walls, the former are not broken so easily, 
and their freezing rate is not so critical. 

The physico-chemical theory asserts that during the formation of ice 
crystals the remaining solution continually becomes more highly concen- 
trated with the dissolved salts. This concentration causes a chemical 
salting-out effect so that the soluble proteins become less soluble and may 
precipitate out. The concentrated salts also tend to dehydrate the pro- 
tein by osmosis. The protein is thus irreversibly denatured and cannot 
absorb its original moisture, and the original flavor may be lost. Fast 
freezing may congeal the colloidal sol and afford a protection to prevent 
the loss of water by osmosis from the colloid.® 

Methods. It is difficult to classify distinctly the many processes used 
for freezing, since the principles applied often overlap. The principles 
used include convection freezing ^vith air that has been cooled by pipe 
coils, plates, or unit coolers and applied in sharp freezers; air blasts in 
tunnels where the product is conveyed on a belt, on trays, or on trucks as 
shown in Fig. 19.1; direct contact with an edible liquid coolant by spray- 
ing it over the product or immersing the product in it; indirect contact 
by placing the product on or against a chilled metal surface; and the 
creation of a high-vacuum atmosphere by steam nozzles so that the 
absolute pressure corresponds to a saturation temperature well below 

freezing.* 

* Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New 
York: American Society of Refrigerating Engineers, 1946, “Theories and Methods of 
Quick Freezing,” Chapter 1, p. 5. 

*Steam Ejector ‘Flash- Freezes* Foods.** Air Conditioning and Refrigeration 
"ews, Vol. 50, No, 2 (January 13, 1947), p. 14. 
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The convection principles are nsnally employed in the freezing room 
of locker plants, although refrigerated plate shelves are used in some. 
Most domestic units used for freezing rely on a combination of convection 


and indirect contact. These as well as the other principles are applied 
in the systems of commercial concerns that freeze large quantities of 
products. Sodium chloride brine is used in the spray systems, and either 
sodium chloride brine or sugar siinips are employed in immersion systems. 
Descriptions, disadvantages, and advantages of the various systems are 



Fig. 11). 1 . Freezing unit for food conveyed on trays or trucks. Courtesy \ork Corp., 

York, IVnna. 


given in the literature.^ Relative performance of 21 eommerciixl food- 
freezing systems have been analyzetl by Meek and Greene® and by Hulse.^ 
'I'he time retpuretl for freezing a number of ditTerent products by 
— 20 F blast freezing as reported by Pollock is shown in Table 19.1.® 
19.3. Preparation for Freezing. Anyone contemplating the quick- 
frt'ezing of food products should understaiul the similarities and differ- 
(*nces between animal, fruit, and vegetable tissues. Because of these 
ditTer(*nces, various procedures before anil during quick-freezing opera- 
tions are required for unlike products. Animal tissues except oysters 
and clams are dead when they reach the freezing plant, but plant tissues 
nunain alive until blanched or frozen. 'Fhe comparatively inelastic plant 
cells riMpiire faster freezing rates than animal tissues, although some 

'’See Itibliogr.Mphy at laul of chapter. 

“ Ah'ck, (I. and Cireene, van H. II., “ I'valuating Food Freezing Methods.” 
h'rfrigriunnf! Hinjinnriitg, \'ol. .33. N(). ,3 (May, 1U47), p. 3U1. 

^ llulse, ( '. \\ , ‘ l^Tiiek Fn ezing Plants and Their Operation." Ice ami Refriger- 
\'ul. 112. Nil. .3 (May. PII7l, p. 13. 

'‘Pollock, 1*'.. ().. ■■ blast Freezing Plants.” Refrigerating Engineeriugy Vol. 48) 
No. 1 (July. pp. td-P). 
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TABLE 19.1 

Blast Freezer Performance with — 20 F Air® 


Product 

Weight of Container 

Depth of Product 
in Container, in. 

Time Required to 
Reduce to 0 F, min 

1. Peas 

38 lb tray 

H 

50 

2. Peas 

23 lb tray 

3 

4 

35 

3. Corn 

44 lb tray 

U 

90 

4. Corn 

24 lb tray 

3 

4 

40 

5. Carrots 

38 lb tray 

If 

50 

6. Ground meat . . . 

100 lb pan — reduced to 20 F in 16 hr 


7. Boneless meat . . 

100 lb box — reduced to 0 F in 25 hr 


8. Boneless meat . . 

50 lb box — reduced to 0 F in 161 hr 



Product 


9. Veal chuck, open blast 

10. Lamb carcass, open blast 

11. 14 lb hams, open blast 

12. 5 lb block shrimp, pan 

13. 5 lb block fish fillet, pan 

14. 5 lb dressed salmon, open blast. . 

15. 1 lb box chicken a la l^g 

16. 35 lb wood, closed box poultry. . . 

17. 36 lb closed carton poultry, 3^ in 

18. 22 lb open carton poultry, 31 in. 

19. 22 lb closed carton poultry, 6 in . 

20. 5 lb block backed beans, pan . . . . 

21. Turkey, open blast 


Time Required to Reduce to 0 F, hr 


41 

6 

6 to 8 
3 to 4 
2 to 3 

If 

U 

12 

4 

7h 

21 

5h 


fruits may be mixed \vith sugar and frozen slowly to allow the sugar to 

penetrate.'® 

Enzymes, which are complex organic substances capable of trans- 
forming by catalytic action some other compound, start affecting fruits 
and vegetables directly after harvest. Their reactions must be constantly 
controlled or they may progressively damage the product until it is cooked 
or eaten. The addition of sugar to certain fruits before freezing retards 
any enzyme action and also lessens the leakage of juices during thawing. 
Vegetables are subjected to some form of heat such as blanching, a quick 
scald with hot water or steam, just before freezing in order to stop enzymic 
changes during storage. 

The three causes of fish spoilage are (1) action of bacteria acquired 

“From Pollock, E. O., ‘‘Blast Freezing Plants.” Refrigerating Engineering, 
Vol, 48, No. 1 (July, 1944), p. 19. 

Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Fruits & Vegetables,” Chapter 2, 
P. 10. 
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by handling out of water; (2) oxidation of the oil or fat in the flesh; and 
(3) enzyme action in the tissue which becomes destructive after death. 
Storage at as low a temperature a^ possible before freezing, freezing as 
soon as possible, providing a lasting glazed ice coating over each piece, and, 
finally, storage at subzero temperatures will keep the three deteriorating 

actions at a minimum.** 

The important factor in meat preparation is to carry out both the com- 
plete slaughtering operation and the transfer of meat into a cooler as 
(piickly as possible. This procedure allows a minimum time for exposure 
to temperatures that promote bacteria growth and color deterioration. 
Beef should be aged to improve its tenderness, cuts for steaks and dry 
roasts reejuiring a longer period than other cvits. Packing plants either 
age their beef about t hree weeks at 32 to 30 F and 80 to 92 per cent relative 
humidity or for a shorter period at 45 to 00 F with germicidal lamps. 
The tough tissues are broken down by enzyme action, which is faster at 
higher temperatures. Aging of meat to be frozen should not be over 10 
or 12 days at the low temperature. Longer aging decreases the storage 
life; furthermore, it is thought that freezing aids tenderizing . *2 

Product dehydration must also be prevented. To accomplish this 
end, all products must be placed in sealed moistureproof containers 
directly after freezing if they were not placed in them before freezing. 
Only small-sized products that can freeze completely through quickly 
and can be frozen by spraying, immersion, or very low-temperature tunnel 
or other air-blast-type systems are not prepackaged. Most meats are 
packaged before freezing even though immersion or air-blast methods 
are used. \'arious packaging materials have been testetl.*® 

Meats should first be cut to the smallest size desired for the final cook- 
ing before eating. Fruits and vegetables should also be frozen in as small 
a package as practical, although this practice is not so critical for well- 
sugared fruits. The larger the package, the longer it takes for the heat 
to be removed from the center, and the freezing time is prolonged. 

Freezing will not improve a product. Therefore only the best quality 
products, including limited varieties of vegetables, should be frozen. 
Lists of the latter are available, together with considerable other detailed 
information on preparation and procedures for freezing foods.'* 

Refrigerating Data RooK\ Refrigeration Apptirations Vohtjne, 2n(l od. Now York: 
.\inoricaii Society of Hefrigorating Kngincers, 194C, “Fish Refrigeration,” Chapter 3, 

p. 1.3. 

’* Iliifl., “t'nM'zing of Meats,” Chapter 5, p. 43. 

” McCoy, 1). C.. Cook, S. V., and Ilaynor, G. A., “Study of Frozen Food Wrap- 
ping Materials.” ffefrigerating Kngineeringy Vol. 52, No. 0 (December, 1946), p. 531. 

Refrigerating Data Rook, Rcfrigcratioi) Applications Volume^ 2nd ed. New York: 
.\tnerie.in Society of Uefrigerating iMtginecrs, 1946, “Preparation of Fruits and 
Vegetahk's for Home Fret'ziiig,” Chapter 7, p. 66. 

In addition, the national and state departments of agriculture have many avail- 
able puhlieations on the sid>jeet, and several hooks have been published (see Bibli- 
ography at end of eiiapterh 
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In recent years considerable research and experimenting has been 
conducted on frozen precooked foods and completely ready-to-cook foods 
such as pies and other bakery goods. The housewife with a freezing unit 
can prepare foods in larger than normal quantities and freeze some for 
future use. Famous tasty dishes can be prepared, frozen, and shipped to 
her from New Orleans, San Francisco, Boston, or wherever they originate. 
Immediate freezing followed by storage below 0 F until the buyer is ready 
to thaw and prepare the food for eating is essential. 

19.4. Frozen-Food Storage. The storage-room conditions for frozen 
foods are as important as the selection and preparation of the product and 
the actual freezing process. A temperature between 0 and —10 F is 
considered most desirable, although some sugared fruits are kept best at 
— 15 F, Fluctuations in storage temperatures are more serious than the 
actual temperature selected and are the chief cause of most troubles. 
If variable temperatures are to be encountered, the selection of a lower 
storage temperature is recommended to lessen the harmful effects. 
Storage spaces in which products are to be frozen as well as stored should 
be loaded with only a small quantity of unfrozen food at any one time. 
Also, the product being frozen should be prechilled as close to 32 F as 
possible and then not placed near the previously frozen products. 

A high relative humdity, 85 to 95 per cent, is desirable, although this 
condition is not vitally important if all products are in high-quality 
moistureproof packages or containers. It may be necessary to reglaze 
unmapped fish and other ice-coated products to prevent dehydration 
after evaporation of the previous glazing. 

19.6. Locker Plants. These establishments were first built in the 
Pacific Northwest and developed into very worth-while projects in the 
1930’s, particularly in Iowa and the surrounding states. With almost 
700 plants in Iowa in 1947, there is hardly a city, to^\^l, or village of any 
size in that state that does not have at least one locker plant. Plants 
are also being installed in other parts of the country at the rate of 700 per 
year in 1947, when the total number of installations was about 8700. 
Everyone benefits from a locker plant — the equipment manufacturer, 
the refrigeration dealer, the building contractor, the plant owner and 


operator, the patrons, and the other local merchants. The locker plant 
niay be a separate enterprise or a part of a grocery store, meat market, 
dairy, or other establishment. It consists of four or more distinct spaces. 

The fresh-killed meat and other food products are first placed in the 
chilling and aging room, which is designed for 35 F. Its size depends upon 
the types of products and the rate of processing; the latter is a function 


of the number of lockers. The incoming product averages about 2 lb per 
locker per day, but the chill-room space and equipment should be designed 
for a minimum of 3 lb per locker per day in order to handle the variation 
from the average load. 
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A pvoccssitiQ TooTrt is needed, in which the products aie prepared and 
packaged for freezing. Meats are cut into the desired roasts, steaks, 
chops, or other cuts, and fowl are cleaned. They are then placed in 
moistureproof packages and identified. The patrons are charged a few 
cents per pound for having their meat chilled, cut, wrapped, marked, and 
frozen. The processing room is not refrigerated. 

A separate freezing cabinet or room is provided for freezing the packaged 
products before they are placed in a patron’s locker. As in the chill room, 
the freezer space and equipment are designed for freezing about 3 lb per 
locker per day. The design temperature should be from —10 to —20 F. 

The locker room contains the patrons’ lockers, which range in size from 
5.5 to 7.5 cu ft of space. They are usually in rows of tiers separated by 
aisle spaces, with five or six lockers per tier. The upper two or three are 
door-type, and the lower two or three are drawer-type. A 6-cu-ft locker 
holds abovit 150 lb of meat and rents for SlO to $15 per year. The room 

design temperature should not be above 0 F. 

The size of locker plants varies from less than 100 to over 1500 lockers. 
'I'he larger plants often have other rooms in addition to the four essential 
ones. Sometimes the chill room is separated from the aging room, and 
a curing room is athled. A smoke room, smoke cabinet, lard room, fruit 
and vegetaV>le room, and others are added in larger plants. 

In general, one compressor is used for the chill, age, and cure rooms, 
which are kept near 35 F, and another compressor is used for the locker 
and freezer rooms, which are kept at 0 F or lower, Plate evaporators or 
unit coolers are used with Freon-12 in most plants. Frost may be scraped 
off the plates, but water or other defrosting methods are needed for the 
unit coolers. Some patented systems have been installed in which the 
patron does not need to be in a 0 F room in order to have access to his 
locker. A suggested design for a medivim-sized plant is shown in Fig. 

1 9.2. Possibilites of using the condenser heat for the office and processing 
rooms in winter might be worth considering. 

19.6. Cold Storage. Many food products may be stored at temper- 
atures above freezing, although the length of storage time is considerably 
less than when the product is in the frozen state. Maximum length of 
storage as well as the optimum conditions for each product are given m 
'I’able 10.2. Higher temperatures can be tolerated for shorter storage 
periods. A proper humidity condition is usually as important as tem- 
p<‘ratur(‘, and some products are more siisceptiblo to air movement than 
oth(*rs. I'iach product has certain peculiarities that require special pre- 
cavitions in ordt'r to reduce spoilage. Research has provided the answers 
to many ju-oblems, and it is recommended that the available literature be 
studied Ixdore definite ])lans are made for storing any sizable quantity of 
a product for any length of time. Not only freslv produce but also 
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dehydrated eggs, meat, milk, and vegetables can be kept satisfactorily 
for a longer time at reduced temperatures. 

In planning a cold-storage pl^nt careful study should be given to the 
size and the location. Conveniences and transportation facilities must be 
considered, as well as the internal design and type of refrigerating plant. 
Compound ammonia refrigerating machines chilling brine in two separate 



systems, one for subfreezing requirements and the other for rooms kept 
above freezing, have been used in the past. 

19.7. Prepackaged Fresh Produce. Considerable interest was devel- 
oped in 1946 in prepackaging fresh fruits, vegetables, and even meats in 
consumer units. This project created new problems in refrigeration 
applications, on which certain experimental work has been done.*® The 
produce is usually received at the warehouse in the evening, placed in the 
cooler, packaged the following day, and returned to the cooler, where it 
remains until loaded on the delivery truck the next morning. Consider- 
able spoilage can be eliminated in this way if packaging is done quickly 
and properly. It also saves time for the grocer and shopper. However, 
better refrigeration than was first used is needed. Possibly provision for 
more air circulation around the packages, in order to improve the cooling 
of those near the center, would help. 

Bratley, C. O., “ Refrigeration of Prepackaged Fruits and Vegetables.” Refriger- 
Engineering, Vol. 52, No. 6 (December, 1946), p. 516. 
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19 8. Food Processing. Ice cream was one of the first processed foods 
produced commercially that required refrigeration. Various claims have 
been made as to where and when the ice-cream industry started. How- 
ever, the first reference to the commercial distribution of ice cream appear- 
ing in Baltimore was in an advertisement for Mr. DeLoubert s recreation 
and confectionary parlor in the June 15, 1797, issue of the Marylarui 
Journal ami Baltimore Advertiser.'^ Vallette and Company announced 
in the Federal Gazette of May 15, 1798, that they could “supply ice cream 
thereafter to the ladies and gentlemen of Baltimore.” River or lake ice 
and salt were used for cooling, and ice cream remained a luxury item until 
more than a century later, when mechanical refrigeration made large- 


scale production possible. 

In the modern ice-cream plant, I'efrigeration is used for cooling the 
room where the ingredients are stored, for cooling from 150 F to 40 F the 
mix leaving the homogenizer, for freezing the mix and chilling it to 
between 24 and 21 F, and for the -10 to -15 F hardening room, where 
the containers are placed immediately after being filled with the mix from 

the freezer. _ 

Refrigeration is needed for several processes in dairies. Raw milk, 

cream, and sweet cream for butter shoidd be kept at 40 to 50 F before 
pasteurization. Milk and cream must be chilled quickly after pasteuriza- 
tion. (’hilling of butter, curing of cheese, and the storage of all products 
before delivery reciuirc refrigeration, (’hilled water, brine, and direct- 
expansion systems are all used. 

Bakeries reciuire many forms of refrigeration systems. The ingredient 
storage room and fermentation room must be cooled; chilled water or ice 
may be needed; the dough mixer reepures cooling; chocolate and other 
special (‘ookio rooms need controlled air conditioning; and air conditioning 
the packaging room reduces mold spores, bacteria, and dust as \\ell as 
increases worker etliciency. 

Breweries use carefvdly cont rolled temperature conditions for each step 
in making beer or ale. The hop storage room and yeast storage room 
must be cooled, and cooling is also reiiuired during each process from the 
t ime the wort leaves the brew kettle until delivery, except that the bottled 
and canned products nuist be pasteurized as a part of the final process, 
(’onliolled enzyme aclit)n is utilized to promote fermentation; a yeast 
heavier ( Imn t lu' ferment ing liquid is used for beer, whereas a yeast lighter 
than the fiM'nu'Uting licpiid is used for ale. In fermentation, maltose plus 
water pioiluces alcohol plus carbon dioxide, and heat is released (280 Btu 
per pound of maltose). Some of the (’(^2 is collected and later added to 
the linished product before pasteurization. Fermentation rooms are kept 

at 15 I-’ (55 1' for ale) aiul aging rooms at 34 F (45 F for ale). Since 1933 


“'riu' of llu’ he ('ream Ind\»stry in Baltimore. ” Baltiviorff Vol. 15, 

No. 3 (.laTucnv, p. at. 
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many centrifugal compressors have been installed in new breweries or 
have replaced the reciprocating machines in old breweries. 

Wineries require refrigeration to remove the heat of fermentation and 
to hasten the precipitation of cream of tartar (potassium bitartrate) in 
newly made ^A^nes. The fermentation room should be under 85 F. From 
150,000 to 250,000 Btu is evolved per 1000 gal. The newly made wines 
are chilled to just above the freezing temperature, which varies from 7 to 
22 F, depending upon the type of vine. Refrigeration coils may be placed 
in the tanks, the wine may be pumped over or through a cooler, or the 
room itself may be air-conditioned with refrigeration equipment 

Bottled carbonated-beverage plants use refrigeration to cool the prepared 
sirups and to cool the water used before it is carbonated. Since a water 
temperature close to freezing is desired, Baudelot or descending film-type 
water coolers are generally used (see Fig. 11.25). The lower the water 
temperature, the less is the pressure required to obtain the desired 
carbonation, 

19.9. Food Transportation. Means must be provided for preserving 
food products as they are carried by plane, ship, railroad, or truck from 
producer to distributor. The use of airplanes has been mainly confined 
to date to transporting fresh but highly perishable products that are 
locally out of season, such as asparagus and certain berries. In 1947 
plans were announced for air transport of fruits and vegetables from the 
farmer to the city for the new method of distributing fresh produce in pre- 
packaged consumer units (see §19.7). 

Refrigerated cargo ships have been used for years. In general, they 
are classified as refrigerated throughout for frozen cargo, refrigerated 
throughout for chilled or frozen cargo, or partially refrigerated for chilled 
or frozen cargo. The hulls of these vessels should be designed to be 
insulated properly and to carry the necessary refrigerating equipment. 
Most ships are designed to carry specific products over a given trade route, 
so that design conditions for the cooling load are kno^\^l in advance. In 
modern ships rock or glass wool in batt form is placed against the steel- 
work and compressed by tongue-and-groove sheathing. 

The American Bureau of Shipping requires refrigeration equipment 
of capacity to maintain required temperatures in tropical climates ^\'ith 
the machines running 18 hr per day. Lloyd’s rules require not less than 
two interchangeable complete units each of which can maintain conditions 
in the tropics when running 24 hr per day. Most old vessels have CO 2 
equipment, but most new merchant vessels built in the United States use 
Freon-12 or Freon-11. Brine is generally chilled and circulated to the 
cargo spaces for use in gravity coils or blower units, although direct- 
expansion units are used in certain instances. Some recent American 
vessels equipped with modern dehumidification and ventilation systems 
are regularly shipping grapefruit from Texas to Belgium, and onions. 
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oranges, lemons, anfi apples from oiir west coast to the Philippines ^^ith- 

out refrigeration, and with no spoilage. 

Fresh food was first shipped by railroad cars over 80 years ago by using 
ice in freight ears. Since then two types of refrigerator cars have been 
developed: brine tank cars and basket bunker cars. Although internal 



Fig. 10.4. 

Methods of installing plate coolers in refrigerated trucks. 

(.’ourtesy Kold-Hold Mfg. C'o. 


structural details have gra<lually improvetl over the past 30 years, the 
general (h'sign of the car is the same, with a load space and with brine 
tanks or ict* luinkers at eacit end that can be iced from the top of the car. 
Itailroads are rcductant to change basic car designs, and considerable 
investments have lu'en made in et\uipment including icing stations lUong 
t lie right of way, so that ice is still usetl almost exclusively. Some interest. 
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has been created in applying mechanical refrigeration, but more develop- 
mental work is still needed in order to improve and modernize this impor- 
tant application of refrigeration. 

The volume of food, frozen and otherwise, being shipped by refrigerated 
triLcks has increased appreciably in recent years. The long-haul, trailer- 
type trucks use condensing units powered by a separate internal-combus- 
tion engine, by direct mechanical drive from the transmission, or by an 
electric motor obtaining power from a generator driven by a separate 
engine or driven by a power take-off from the transmission. Forced-air 
coolers and refrigerated plates have served as low-side equipment. 
Experimental work has been continued since World War II in an effort 
to improve the existing equipment and methods used. Heat-pump units 
have been tried, since heating of the space is often required for winter 
shipments. 

Fleets of local delivery trucks are often equipped with eutectic hold- 
over systems. These employ a flat tank containing an eutectic brine 
solution and evaporator coils. The evaporator coils are connected either 
to a condensing unit driven by an electric motor ‘ ‘ plugged in " at the garage 
or to a central plant system when in the garage. Dry-ice systems and 
water ice with brine systems are also used. Methods of installing plate 
coolers in medium-sized trucks are shown in Figs. 19.3 and 19.4. 

19.10. Commercial Refrigeration. Although the term “commercial 
refrigeration” has been defined in different ways, as applied here it refers 
to the refrigeration used in retail stores, restaurants, hotels, and institu- 
tions for foods and beverages. 

Refrigerated display cases of several types as diagramed in Fig. 19.5 
are used by grocers and meat dealers in order to preserve perishable mer- 
chandise as well as to display it attractively. The single-duty top display 
case must be placed on a base cabinet, which can be used as dry-storage 
space. The case is cooled by an evaporator coil at the top and by a coil 
under the sloping shelf. The sloping shelf and lower coil may be replaced 
by a refrigerated plate, or they may be omitted, with provision made for 
placing cracked ice in the bottom partition, on which fish and fowl may 
be laid directly. In a double-duty case, as sho^\’Ti in Fig. 19.6, the base 
is integral Avith the top and has a coil located in the front of it. The two 
spaces may be separated by a partition, or they may form one large space 
that may be partially divided by the display shelf. In the units described 
above, double or triple glass is used in the top portion only, and it is 
impossible to see into the lower portion except by opening the back 
bottom door. A full-vision delicatessen case is taller and has a much 
larger display space and window mth three or more shelves for products. 


‘^Kirkpatrick, H. O., “Motor Transport Refrigeration.” Refrigerating Engi- 
neenng, Vol. 52, No. 6 (December, 1946), p. 521. 
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Fi^. 10.5. Various types of display eases. Note the evaporator locations. 



I'ii;. 10. 0. Douhle-iluly tlisplay ease. C'ourtesy Koeh Uefrigerators. 
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The bottom storage compartment is much the same as for the other cases. 
The use of self-service display cases like those shown in Fig. 19.8 is increas- 
ing. The evaporator is located at the top rear. A glass guard in front, 



Fig. 19.7. Diagrammatic view of self-service 

display case. 



Fig. 19.8. Self-service display case. Courtesy Weber 

Showcase & Fixture Co., Inc. 


over which the customer can reach, prevents cold air from spilling out. 
Reach-in, wall, and dairy refrigerators mth sliding glass doors are also 
used in self-service markets, besides walk-in types as shown in Fig. 19.9. 
An air-cooled compressor of i hp or larger is generally located at the bot- 
tom near one end of the above units. 

Walk-in coolers of the built-in type and of the portable type shipped 
knocked down” are used in the back spaces of stores and in or near 
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kitchens. Reach-in refrigerators of 20- to 100-cu ft capacity are also 
used. Many of these now employ small blower-type evaporators as 
shown in Fig. 1 1.20. Chest-type cabinets, used for ice cream, are desig- 
nated by the number of holes and whether single-row or double-row. 



Fig. 10.9. Walk-in solf-sorvioo refrigerator. Courtesy 

Weber Showcase & Fi.\ture Co., Ine. 



Fig. 10.10. Frozen-food display case. Courtesy Weber 

Showcase & Fixture Mfg. C'o., Ine, 

(’abinots arc of the chest type, similar to ice creivm cab- 
iiK'Is. or of the disi)lay type as shown in Fig. 10.10. Beverage coolers of 
(he chest type are either dry or wet. The latter type contains a water 
tank in wliich the bottles are placed, and which is surrounded by the 
('vajnnator coil. A back bar refrigerator for soda fountain use is a com- 
bination unit with several types of refrigerated spaces for storing the 
various products. Florists' rofrigeratoi's are reaeh-in or walk-in units 
with a glass fiaint . Many types of refrigerated beer-dispensing units have 


§19.11] 


FOOD PRESERVATION 


445 


been installed, some of which are connected with the keg storage room, 
and in which the line from the keg to the dispenser is also cooled. 

Temperatures maintained in commercial refrigeration units vary from 
34 to 50 F, depending upon the actual use. An exception are those used 
for frozen products, for which subzero temperatures are desired. Air- 
cooled compressors are generally used, so that water connections are 
eliminated, but good air circulation around the condenser is needed. 
Many of the above units, including the compressor, are factory-assembled 
and shipped as a package ready to plug in. 

19.11. Domestic Refrigeration. Modern units for home use are of 
two types, freezer cabinets or boxes for food freezing or frozen-food storage 
only, and domestic refrigerators in which most of the space is for storage 
above 32 F with variable amounts of space at subfreezing temperatures. 

Home and Farm Freezers. Home and farm freezers were used by a 
few people before 1930, but since 1938 the number of units in operation 
has increased rapidly. Many of the prewar units were tailor-made or 
else were converted ice-cream cabinets, but a great many companies 
started making freezers after World War 11. The three general types are 
(1) the upright or reach-in, similar to Fig. 19.11; (2) the chest or top- 
opening type like the one in Fig. 19.12; and (3) the walk-in type. The 
first conserves floor space and has certain advantages of accessibility. 
The disadvantage of high door loss is overcome somewhat by inner 
drawers or doors, but these reduce the product storage space. Chest 
types are less expensive and probably more economical to operate. Wire 
baskets are often used to prevent misplacing and to aid in removing prod- 
ucts. The walk-in type like that shown in Fig. 19.13 usually is entered 
through a small cooler kept at 32 to 40 F and which provides space for 
the storage of large quantities of food. Some of the larger units in all 
types separate the freezing and storage compartments. 

Home building of units requires special care in applying the insulation 
and in sizing and installing the evaporator and condensing unit. Partic- 
ular care must be given to vapor-sealing the insulation space and to the 
door or lid design. 

In 1948 the units ranged from the 2.5-cu ft size selling for about S150 
to the 30 cu ft selling for $700 to $900, the most popular sizes being 
between 8 and 20 cu ft. Air-cooled compressor sizes of and ^ hp 

were used. 

Domestic Refrigerators. Great strides in the development and 
improvement of these units have been made in recent years and the 
average retail price dropped from $600 in 1920 to about $150 in 1940. 
Annual sales for four different years before the war were over 2,000,000 
units. The common sizes range from 3 to 8 cu ft, with the 6-cu ft size 
accounting for almost half the sales in 1940. In addition to lower costs, 
the trend has also been to increased storage volume, reduced energy con- 
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sumption, more coolinR capacity, less noise, and more attractive appear- 
ance. Inside the units, high-humidity compartments for fresh vegetables 
mid increasinglv larger frozen-food compartments have been included. 



Fijr. lo.u. UpriRlit frrozi'r. (’oiirtesy Beall 

Pipe ami Tank C'orp. 




1 ‘>. 12 . 


(’hest-tvpe freezer. C\nir(esy Soars, Roe- 
Unek Co. 


Oiu' lyi>o of ih'si^n is .shown in 10.14. Anticipated postAvar gadgets 

such as automatic ic('-cul)e dispensing, a chilled-water faucet and revolv- 
ing stoiag<' Bins hav(‘ hetm sh>w in materializing. 
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The great improvement in the mechanical equipment was the develop- 
ment of hermetically sealed compressor and motor units, which eliminated 
shaft-seal trouble. Based on experience gained from these in the domes- 
tic field, the trend is toward sealed units for larger compressors. Recip- 
rocating-piston compressors electrically driven through a crank and 
connecting rod or through a Scotch yoke, electric-driven rotary-pump- 
type compressors, and gas-fired absorption equipment are aU used with 
gravity-cooled plate or finned coiled condensers. The expansion de\ices 
employed are high-side floats, a fixed orifice, or capillary tubing. Control 
is by a manually adjusted pressurestat that operates the compressor. 
Capacity requirements are determined by tests and codes, and standards 
of many types have been formulated by the manufacturers’ associations 
and the technical societies involved. 
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TAHLE A.l 
LE-rrKR Symbols* 


a 


heat transfc'r across an air space; 
<-onstaiit used in convection heat 

transfer for ; — 


A = area 
c = specific heat 

Cp = specific heat at constant pressure 
Cf = specific fieat at constant volume 
C = thermal conductance 
c.p. = coefficient of performance 
(I = diamet(‘r. inches 
I) = diameter, feet 
E = enerfiy 
Ek = kinetic energy 
Ej, — potential energy 
/ = filiii coefficient of fieat transfer; 

friction coefficient 
F = force 

g = gravitational acceleration 
Or = (Irashof number 
h = enthalpy (per unit mass); coeffi- 
ci(*nt of h(‘at transfer 
ha = enthalpy of dry air 
ha* = enthalpy of saturate<l air minus 
enthalpy of <lry air 
hf = convection licat-transfer coefFi- 
cient 








hr 

h, 
h,. 
/»:: 
II 
II u 

J 

1 

J 


= enthalj)y of saturated liquid 
= enthalpy of saturated vapor 
minus entlialpy of saturated 
liqui<l 

= enthalpy of saturated vapor at 
wet bidb temja'rature minus 
enthalpy of saturated licpiid at 
wet bulb t<'mp(‘ratur('. 

= enthalpy of saturated licpiul at 
W(*t bulb t('mp('rature 
= enthalpy of saturat<'d vapor 
= enthalpy of sat\iratetl vapor at 
wet bulb t(>mperatun' 

= enthaljiy of saturatt'd ice; en- 
thalpy at insid(‘ conditions 
= ('uthalpy of saturattnl ice at wet 
l)ulb temperature 
= (‘iitiialpy at o\itside conditions 
= radiat ion heat-t ransf(*r coellicient 
= enthalpy of saturated air 
= entlialpy of vapor 
= siKina heat eontiuit 
= enthalpy, total; head, total 
= ridat iv(‘ humidity 
= nu'chanical equivaK*nt of heat 

= heat eipiivalent of work 


k = tliermal conductivity 
/ = Icnj^t h, inclu's 


L — length, feet 

ic 

m = mass, — 

g 

n = exponent of polytropic expan- 
sion: rcv'olutions per unit time 
Nu — Nusselt number 
■p = total pressure (force per unit area) 
pda ~ partial pressure of dry air 
p,f = partial pressure of water vapor 
p, = saturation pressure of water 
vapor 

= saturation pressure at wet-bulb 
temperature 
Pr = Prandtl number 
q s quantity of heat (per unit time) 

Q = quantity’ of heat, total 
r = radius 
H = gas constant 
Pc — Reynolds number 
s = entropy (per unit weight) 

= entropy, total 
t — temperature, C or F 
tji, = dry bulb temperature 
Ijp = dewpoint temperature 
t,p = triph'-point temperature 
txrt> = wet bulb temperature 
7’ = temperature, absolute 
T.H. = total heat 

u — internal energy (per unit weight) 

V = internal energy, total; over-all 
coefTicient of lient transfer 
V = volume, specilic 
y = volume, total; velocity 
ti ll = weight of water vapor per unit 
weight of air 

le, = humidity ratio of saturated air at 

dry bidb temperature 
= humidity ratio of saturated air at 
wet bulb temperature 
ir = weight 
ir.fa = weight of dry air 
ITfc = work 

lEw = weight of water vapor 
X — quality of vav>or: thickness 

= thermal coeflicient of cubical ex- 
])ansion 

7 = speeitic. heat ratio, Cp/c, 

A = difTeroneo between values 
< = omissivity coeflicient 
Tj = efliciency 
w = angular velocity 
p = density (per unit volume) 

T = time 

p = viscosity, absolute; Joule-Thom- 
son coeflicient 
= per cent siituration 


* To the extent practical, letter symbols used throughout the text follow the 
ri'commendations of the American Standards Association, However, the breadth of 
subject matter covered has necessitated some overlapping of definitions and, in a few 
cases where confusion haa resulted, certain changes. 
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TABLE A.2— AMMONIA 


Properties of Liquid and Saturated VAPORf 


Temp. 

Pressure 

Volume 

Density 

Enthalpy from 
-40 F 

Entropy from 
-40 F 

F 

Abs. 

Gage 

Vapor 

Vapor 

Liquid 

Vapor 

Latent 

Liquid 

Vapor 

X 

lb/m.2 

lb /in. 2 

ftVlb 

lb/ft3 

Btu/lb 

Btu/Ib 

Btu/Ib 

litii /lb 

F 

Btu/lb 

F 

i 

V 

Pd 

Vo 

1/t^. 

hf 

he 

hfo 

s/ 

Sg 

-60 

5.55 

*18.6 

44.73 

0.02235 

-21.2 

589.6 

610.8 

-0.0517 

1.4769 

-66 

6.54 

*16.6 

38.38 

0.02605 

-15.9 

591.6 

607.5 

-0.0386 

1.4631 

-60 

7.67 

*14.3 

33.08 

0 . 03023 

-10.6 

593.7 

601.3 

-0.0256 

. 1.4497 

-46 

1 

8.95 

*11.7 

28.62 

0.03494 

- 5.3 

595.6 

600.9 

-0.0127 

1.4368 

-40 

10.41 

*8.7 

24.86 

0.04022 


597.6 

597.6 

0 . 0000 

1.4242 

-38 

11.04 

*7.4 

23.53 


2.1 

598.3 

596 . 2 


.4193 

-36 

11.71 

♦6.1 1 

22.27 

B|IBEKpl| 

4.3 

599.1 

594 . 8 


.4144 

-34 

12.41 

♦4.7 ' 

21.10 


6.4 

599.9 

593.5 

.0151 

.4096 

-32 

13.14 

♦3.2 

20.00 


8.5 

600.6 

592.1 

.0201 

.4048 

-30 

13.90 

*1.6 ' 

18.97 

0.05271 

10.7 

601.4 

590.7 

0 . 0250 

1.4001 

-28 

14.71 


18.00 


12.8 

602.1 

589 . 3 


. 3955 

-26 

15.55 

1 0.8 

17.09 


14.9 

602.8 

587.9 


. 3909 

-24 

16.42 

1.7 

16.24 


17.1 

603.6 

586.5 


.3863 

-22 

17.34 

2.6 

1 

15.43 


19.2 

604.3 

585.1 


.3818 

-20 

18.30 

3.6 

14.68 

0.06813! 

21.4 

605.0 

583.6 

0.0497 

1 . 3774 

-18 

19.30 

4.6 

13.97 


23.5 

605.7 

582.2 


.3729 

-16 

20.34 

5.6 

13.29 


25.6 

606.4 

580.8 


.3686 

-14 

21.43 

6.7 

12.66 


27.8 

607.1 

579.3 


.3643 

-12 

22.56 

7.9 

12.06 

mm 

30.0 

607.8 

577.8 


.3600 

-10 

23.74 

9.0 

11.50 

0.08695 

32.1 

608.5 

576.4 

0.0738 

1 . 3558 

- 8 

24.97 

10.3 

10.97 

.09117 

34.3 

609 . 2 

574.9 


.3516 

- 6 

26.26 

11.6 

10.47 

.09555 

36.4 

609 . 8 

573.4 


.3474 

— 4 

27.59 

12.9 

9.991 

.1001 

38.6 

610.5 

571.9 


.3433 

- 2 

28.98 

14.3 

9.541 

.1048 

40.7 

611.1 

570.4 


. 3393 

0 

30.42 

15.7 

9.116 

0.1097 

42.9 

611.8 

568.9 

0.0975 

1.3352 

2 

31.92 

17.2 

8.714 

.1148 

45.1 

612.4 

567.3 


.3312 

4 

33.47 

18.8 

8.333 

.1200 

47.2 

613.0 

565.8 


.3273 

6 

35.09 

20.4 

7.971 

.1254 

49.4 

613.6 

564.2 

.1115 

.3234 

8 

36.77 

22.1 

7.629 

.1311 

51.6 

614.3 

562.7 

.1162 

.3195 

10 

38.51 

ft 

23.8 

7.304 

0.1369 

53.8 

614.9 

561.1 

0.1208 

1.3157 

12'. 

40.31 

25.6 

6.996 

.1429 

56.0 

615.5 

559.5 

.1254 

.3118 

14 

42.18 

27.5 

6.703 

.1492 

58.2 

616.1 

557.9 


.3081 

16 

44.12 

29.4 

6.425 

.1556 

60.3 

616.6 

556.3 

.1346 

.3043 

18 

46.13 

31.4 

6.161 

.1623 

62.5 

617.2 

554.7 

.1392 

.3006 

20 

48.21 

33:5 

5.910 

0.1692 

64.7 

617.8 

553.1 

0.1437 

1.2969 

22 

50.36 

35.7 

5.671 

.1763 

66.9 

618.3 

551.4 

.1483 

.2933 

24 

62.59 

37.9 

5.443 

.1837 

69.1 

618.9 

549.8 

.1528 

.2897 

26 

54.90 

40.2 

5.227 

.1913 

71.3 

619.4 

548.1 

.1573 

.2861 

28 

67.28 

42.6 

5.021 

.1992 

73.5 

619.9 

546.4 

.1618 

.2825 

30 

59.74 

45.0 

4.825 

0.2073 

75.7 

620.5 

544.8 

0.1663 

1 . 2790 

32 

62.29 

47.6 

4.637 

.2156 

77.9 

621.0 

543.1 


.2755 

34 

64.91 

50.2 

4.459 

.2243 

80.1 

621.5 

541.4 

.1753 

.2721 

36 

67.63 

52.9 

4.289 

.2332 

82.3 

622.0 

539.7 

.1797 

.2686 

38 

70.43 

55.7 

4.126 

.2423 

84.6 

622.5 

537.9 

.1841 

.2652 


Inches of mercury below one atmosphere, 
t Abstracted, by permission, from “Tables of Thermodynamic Properties of 
^^monia,” U. S. Department of Commerce, Bureau of Standards Circular No. 142, 
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TABLE A.2— AMMONIA 

Propkrties of Liquid and Saturated \ apor (Cont.) 


Temp. 


V 


I 


Pressure 


40 

42 

44 

46 

48 

60 

52 

54 

56 

58 

60 

62 

64 

66 

68 

70 

72 

74 

76 

78 

80 

82 

84 

86 

88 

90 

92 

94 

96 

98 

100 

102 

101 

106 

108 

110 
112 
1 14 
116 
118 

120 

122 

124 


AOs. 

lb/in- 


73.32 
76.31 
79 . 38 
82.55 
85.82 

89 . 1 9 
92 . 66 
96 . 23 
99 . 9 1 

103.7 

107.0 

111.0 

115.7 
120.0 

124.3 

128.8 

133.4 

138.1 

143.0 
147.9 

153.0 
158.3 

163.7 

1 69 . 2 

174.8 

180.6 

1 86 . 0 

192.7 

198.9 

205.3 

211.9 
218.6 

225.4 

232 . 5 

239.7 

247.0 

254 . 5 
262.2 

270 . 1 

278.2 


286 . 4 
294.8 

303 . 4 


(luge 

lb,in2 


l>d 


VoUime 


Vapor 

ftMb 


58 . 6 

61.6 
64.7 

67 . 9 

71.1 

74.5 

78.0 
81 .5 

85.2 

89.0 

92 . 9 

96 . 9 
101 .0 

105.3 

109.6 

114.1 

118.7 

123.4 
128.3 

133.2 

138.3 
143.6 

149.0 

154.5 

160. 1 


165.9 
171 .9 

178.0 

184.2 

1 90 . 6 

197.2 

203 . 9 

210.7 

217.8 

225 . 0 

232.3 

239.8 
247.5 

255 . 4 

263 . 5 

271 .7 
280. I 
288 . 7 


V. 


Density 


Vapor 
lb. ft" 


1, y, 


3.971 
3.823 
3 . 682 
3.547 
3.418 

3.294 
3.176 
3 . 063 
2 . 954 
2.851 


0.2518 
.2616 
.2716 
.2819 
.2926 

0 . 3036 
.3149 
. 3265 
.3385 
.3508 


Enthalpy from 
- 40 F 


Liquid 
Btu lb 


hf 


2.751 
2 . 656 
2 . 565 
2.477 
2.393 

2.312 
2.235 
2.161 
2 . 089 
2.021 


0 . 3635 
.3765 
. 3899 
.4037 
.4179 

0.4325 

.4474 

.4628 

.4786 

.4949 


1 . 955 1 

0.5115 1 

1 . 892 

.5287 

1.831 

.5462 

1.772 

.5643 

1.716 

. 5828 

1 .661 

0.6019 

1 . 609 

.6214 

1 . 559 

. 64 1 5 

1.510 

. 6620 

1 . -161 

.6832 

1.419 

0.7018 

1 . 375 

. 7270 

1 . 334 

.7498 

1 . 293 

.7732 

1 . 25-1 

. 7972 

1 .217 

0.8219 

1 . 1 SO 

.8471 

1 . 145 

. 8730 

1.112 

: .8996 

1 . 079 

1 . 9269 

1.047 

0.9549 

1 .017 

■ . 9837 

0.987|l .0132 


86.8 

89.0 

91 .2 
93.5 

95.7 

97 . 9 

100.2 

102.4 

104.7 
106.9 

109.2 

111.5 

113.7 

116.0 

118.3 

120.5 

122.8 
125.1 

127.4 
129.7 


Vapor 
Btu, lb 


Latent 
Btu lb 


/a 


132.0 
134.3 
1 36 . 6 
1 38 . 9 

141.2 

143.5 

145.8 

148.2 

1 50 . 5 

152.9 

1 55 . 2 

157.6 

1 59 . 9 

1 62 . 3 

164.6 

167.0 

169.4 
171 .8 
1 74 . 2 

176.6 

1 79 . 0 
181 .4 

183.9 


623.0 

623.4 
623.9 

624.4 

624.8 

625.2 

625.7 

626.1 

626.5 

626 . 9 

627.3 

627 . 7 
628 . 0 

628.4 

628.8 

629 . 1 

629.4 
629 . 8 

630 . 1 

630.4 

630.7 
631 .0 
631.3 
631 .5 

631.8 


632 . 0 
632 . 2 

632.5 

632 . 6 
632 . 9 

63^.0 
6;i3 . 2 

633.4 

633 . 5 

633 . 6 

633 . 7 

633.8 

633.9 
634.0 
634.0 

634 . 0 
634 . 0 
634 0 


536.2 

534.4 

532.7 
530 . 9 
529 . 1 

527.3 

525.5 

523.7 

521.8 

520.0 

518.1 

516.2 

514.3 

512.4 

510.5 

508.6 

506 . 6 
50-1.7 

502.7 

500.7 


498 . 7 

496 . 7 

494.7 

492.6 

490.6 

488.5 

486.4 

484.3 


Entropy from 

-40 F 

Liquid 

Vapor 

BtU/ lb 

Btu, lb 

F 

F 

5/ 

$0 

0.1885 

1.2618 


.2585 

. 1974 

.2552 


.2519 

Imm 

.2486 

0.2105 

1.2453 

.2149 

1 .2421 


.2192 

.2236 

.2279 

0.2322 

.2365 

.2408 

.2451 

.2494 


0.2537 

.2579 

.2622 

.2664 

.2706 

0.2749 

.2791 

.2833 

.2875 

.2917 


0.2958 

.3000 

.3041 


.2389 
.2357 
.2325 

1 .2294 
.2262 
.2231 
.2201 
.2170 

1.2140 

.2110 

.2080 

.2050 

.2020 

1.1991 
. 1962 
.1933 
.1904 
.1875 

1.1846 
.1818 
. 1789 


482.1 


.1761 

mi 

.3125 

.1733 

477.8 

0.3166 


475.6 


.1677 

473.5 

.3248 

.1649 

471.2 

.3289 

.1621 



.1593 

466.7 

0.337? 

1 . 1566 

464.4 

.3413 

.1538 

462.1 

.3453 


459.8 

.3495 

.1483 

457.4 

.3535 

. 1455 

4 55 . 0 

0 . 3576 

1.1427 

452.6 

.361S 

; .1400 

450.1 

.365V 

1 .1372 
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TABLE A.3— AMMONIA 

PrOPERTIKS of St'PERHEATEI) VaPOR* 


Absolute Pressure in Ib/in.- (Saturation Temperature in italics) 


Temp, 

F 


t 


Sat. 


-60 

-40 

-30 

-20 

-10 

0 

10 

20 

30 

40 

60 

60 

70 

80 

90 

100 

no 

120 

130 

140 

160 

160 

170 

180 

190 

200 

220 

240 


Temp, 

F 

Sat. 


0 

10 

20 

30 

40 

60 

60 

70 

80 

90 

100 

110 

120 

130 

140 

160 

160 

170 

180 

190 

300 

220 

240 

260 

280 

300 


6 

10 

-63.11 

-41 34 


40.31 


51 .05 
52.36 

53.67 
54.97 
56.26 

57.55 

58.84 

60.12 

81.41 
62.69 

63.96 

65.24 

86.51 

67,79 

69.06 

70.33 

71.60 

72.87 

74.14 

75.41 

76.68 
77 95 
79.21 
80.48 


W.OG 


11.19 

11.47 
11.75 

12.03 
12.30 

12.57 

12.84 

13.11 

13.37 

13.64 

13.90 

14.17 

14.43 

14.69 

14.95 

15.21 

15.47 
16.73 
15.99 
16.25 

16.50 

17.02 

17.53 

18.04 


588. 3 


595.2 

600.3 

605.4 

610.4 

615.4 

620.4 

625.4 

630.4 

635.4 

640.4 

645 5 

650.5 
655 5 
660 6 

665.6 

670.7 

675.8 

680.9 
686.1 
691.2 

696.4 

701.6 

706.8 

712.1 


I . 4^S57 




81 


1 . 5025 
.51491 

.5260 26.58 
. 5385 27 . 26 
. 5498 27 . 92 

1.5608 28.58 
5716 20.24 
. 582 1 29 . 90 
. 5925 30 . 55 
.6026 31.20 

1.6125 31.85 
.6223 32.49 
.6319 33. 14 
.6413 33.78 
.6506 34,42 

1.6598 35.07 
.6689 35.71 
.6778 36.35 
.6865 36 99 
.6952 37.62 

1.7038 38.26 
.7122 38.90 
.7206 39.54 
.7289 40.17 
40.81 


507 . 1 


41.45 


603.2 

608.5 
613.7 

618.9 

624.0 
629 . 1 
634 2 

639.3 

644.4 

649.5 

654.6 

659.7 

664.8 

670.0 

675.1 

680 . 3 

685.4 

690.6 

695.8 

701 . 1 
706.3 

711.6 

716.9 

722.2 


/ . 4-'7G 


1.4420 
.4542 
. 4659 

1 . 4773 
.4884 
.4992 
.5097 
.5200 


i.5301 
.5400 
.5497 
. 5593 
.568 

1 . 577<1 
.587r 
. 596( 
.6040 
.6136 

1.6222 
. 6307 
. 639 1 
.6474 
.6556 

1.6637 


16 

-2"'. 2.9 


20 

- to 64 


1 7 . 07 


26 

-7.06 


30 

-0 57 


600. 1 


613.8 

619.4 

625.0 

630.4 

635.8 

641.2 

646.5 

651.8 

657.1 

662.4 

667.7 

673.0 

678.2 

683.5 

688.8 

694.1 

699.4 

704.7 

710.1 

715.4 

720.8 

731.6 

742.5 
753.4 


l .35I.tl 0.230 


3616 
3738 9.492 
3855 9.731 
3967 9.966 
4077 10.20 

4183 10.43 
4287 10.65 
4388 10.88 
4487 11.10 
4584 11.33 

4679 11.55 
4772 11.77 
4864 11.99 
4954 12.21 
5043 12.43 

5131 12.65 
5217 12.87 
5303 13.08 
5387 13.30 
5470 13.52 

5552 13.73 
5713 14.16 
5870 14.59 
6025 15.02 
15.45 


61 1 . 0 

1 . 3364 

7.001 

617.8 

1 . 3497 

8.078 

623.5 

.3618 

8.287 

629.1 

.3733 

8.493 

634.6 

.3845 

8.695 

640.1 

1 . 3953 

8.895 

645.5 

. 4059 

9.093 

650.9 

.4161 

9.289 

656.2 

.4261 

9.484 

661.6 

.4359 

9.677 

666.9 

1 . 4456 

9.869 

672.2 

.4550 

10.06 

677.5 

.4642 

10.25 

682.9 

.4733 

10.44 

688.2 

.4823 

10.63 

693.5 

1.4911 

10.82 

698.8 

.4998 

11.00 

704.2 

.5083 

11.19 

709.6 

.5168 

11.38 

714.9 

.5251 

11.56 

720.3 

1 . 5334 

11.75 

731.1 

.5495 

12.12 

742.0 

.5653 

12.49 

753.0 

.5808 

12.86 

764.1 

.5960 

13.23 





18.01 

18,47 

18.92 

19.37 

19.82 

20.26 

20.70 

21.14 

21.58 
22.01 

22.44 
22.88 

23.31 

23 . 74 
24,17 
24,60 
25.03 

25.46 

25.88 

26.31 

26.74 
27.16 

27.59 

28.44 


602. 4 


606.4 
611.9 

617.2 

622.5 

627.8 

633.0 

638.2 

643.4 

648.5 

653.7 

658.9 

664.0 

669.2 

674.4 

679.6 

684.8 

690.0 

695.3 

700.5 

705.8 

711 . 1 

716.4 

721.7 

732.4 


/ 3.9.W/.?,.50 


1.4031 
.4154 13.74 

1.4272 14.09 
.4386 14.44 
.4497 14.78 
.4604 15.11 
.4709 15.45 

1.4812 15.78 
.4912 16.12 
.5011 16.45 
.5108 16.78 
.5203 17.10 

1.5296 17.43 
.5388 17.76 
5478 18.08 
.5567 18.41 
.5655 18.73 

1.5742 19.05 
.5827 19.37 
.5911 19.70 
.5995 20.02 
.6077 20.34 

1.6158 20.66 
.6318 21.30 
21.94 


606 . 2 


610,0 

615.5 

621.0 

626.4 

631.7 

637.0 

642.3 

647.5 
652 8 
658 0 

663.2 

668 5 
673 7 

678.9 

684.2 

689.4 

694.7 

700.0 

705.3 

710.6 

715.9 

721.2 
732 0 

742.8 


I . 3700 


1.3784 

1 3907 
.4025 
.4138 
.4248 
.4356 

1 4460 
.4562 
4662 
.4760 
. 4856 

1 . 4950 
5042 
5133 
.5223 
5312 

1 . 5399 
.5485 
.5569 
.5653 
5736 

1.5817 

.5978 

.6135 


36 

6.80 


40 

11.66 


616.1 

622.0 

627.7 

633.4 

638.9 

644.4 

649.9 

655.3 

660.7 

666.1 

671.5 

676.8 
682.2 

687.6 

692.9 

698.3 

703.7 
709.1 
714.5 

719.9 

730.7 

741.7 

752.7 

763.7 


1.323G\ 7.0471 615.411.3126 


1.3289 
.3413 7.203 
.3532 7.387 
.3646 7.568 

1.3756 7.746 
.3863 7.922 
.3967 8.096 
.4069 8.268 
.4168 8.439 

1.4265 8.609 
.4360 8.777 
.4453 8.945 
.4545 9.112 
.4635 9.278 

1.4724 9.444 
.4811 9.609 
.4897 9.774 
.4982 9.938 
.5066 10.10 

1.5148 10.27 
.5311 10.59 
.5469 10.92 
. 5624 11.24 
. 5776 11.56 


11.88 


620.4 

626.3 

632.1 

637.8 

643.4 

648.9 

654.4 

659.9 

665.3 

670.7 

676.1 

681.5 

686.9 

692.3 

697.7 

703.1 

708.5 
714.0 

719.4 

730.3 

741.3 

752.3 

763.4 

774.6 


1.3231 

.3353 

.3470 

1 . 3583 
.3692 
.3797 
.3900 
.4000 

1.4098 

.4194 

.4288 

.4381 

.4471 

1.4561 

.4648 

.4735 

.4820 

.4904 

1 . 4987 
.5150 
.5309 
.5465 
.5617 

1 . 5766 


rv„ * by permission, from "Tables of Thermodynamic Properties of Ammonia," U.S. 

apartment of Commerce, Bureau of Standards Circular No. 142, 1945. 
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TAHLE A. 3— AMMONIA 

PnoPEiiTiKs OF Superheated Vapor (Cont.) 


Absolute Pressure in Ib/m.^ (Saturation Temperature in italics) 


Sat, 

o, 710 

30 

5 8:i8 

40 

5 088 


f) 135 


6 280 


6 423 


6 564 

00 

6 704 

100 

6 843 

1 10 

6 080 

120 

7 1 17 

1.30 

7 252 

140 

7.387 

160 

7.521 

160 

7 . 655 

170 

7.788 

IHO 

7 . 02 1 

100 

8.053 


8 , 1 85 


8 317 


8.448 

240 

8,710 

260 

8 . 070 

380 

0 . 23(1 

300 

0 . 480 

Tvu\\k 


I' 


Sa/. 

. 266 

60 


60 

3 . 353 

70 

3 442 

80 

3 520 

00 

3 614 

100 

3.608 

1 10 

3.780 

1 20 

3 . 862 

KIO 

3 . 042 

140 

4 . 02 1 

160 

4. 100 

160 

4.178 

170 

4 255 

ISO 

4 332 

100 

4.408 


4 484 


60 


60 

30. >1 


70 

37.70 


80 

44.40 


s 


OJ3. J 


623 . 4 

626 . 5 

635 4 
04 1 2 
640 a 

652 . 6 

058 . 2 

063 . 7 
000 . 2 
674 7 

080 . 2 

085 . 7 

00 1 . 1 
006 . 0 
702 . 1 

707 . 5 

713.0 

718.5 

724.0 

720.4 

740.5 

751 .0 

702.7 

774.0 


1 . 203!>\ 4 . sn.7 


1 3040 
. 3 1 00 

1 .3280 
.3300 
.3508 
. 36 1 3 
.3710 


4 033 

5.000 

5.184 

5 307 
5 428 
5 547 


1 


.38101 
. 30 1 4 
.4000 
.4103 
.4105 

. 4280 
4374 
.4402 
, 4548 
. 4033 

. 47 1 0 
.4700 
.4880 
.5040 
.5107 


5 . 605 
5.781 
5 . 807 
0.012 
6.120 

0 230 
6 352 
0 . 404 
6 . 570 
6.687 

0 . 708 
6 . 000 
7.010 
7 . 238 
7 . 457 


1 53501 7.075 
.5500l 7.802 


020 . 3 


I.27S?\ i.t.'it 


626.8 

632 0 
630 0 
644 0 
650 . 7 

656.4 

662 1 
007 7 
673 3 
678 0 
684 4 

680.0 

605.5 
701 .0 

706.5 

712.0 

717.5 
723 1 

728.6 
730 7 

750.0 

762 I 
773 3 


1 .20131 4 177 


1 


.3035 
. 3 1 52 
. 3265 
. 3373 
.3470 

.3581 
.3681 
.3778 
. 3873 
.3066 

. 4058 
.4148 
.4230 
.4323 
.4400 


1.4403 

.4570 

.4058 

.4810 

.4070 


022. 4 


1 


4 . 200 
4.401 
4 500 

4 615 

4.710 

4 . 822 
4.024 

5 025 
5 125 
5.224 

5 323 
5 . 420 
5.518 
5 615 

5.711 

5.807 
5 . 002 
5 . 008 
6. 187 
6.376 


I . 3 . 656 


624.0 


1.5 1301 6.563 
.5281 6.750 


623.0 

030 4 
636 6 

642 . 7 

648.7 

654.6 

660.4 

666.1 

671.8 

077.5 
683.1 

688.7 

604.3 
600 . 0 

705.5 

711.0 

716.6 

TOO O 

727 ! 7 

738.0 

750.1 

761.4 

772.7 


1.2688 

1 .2816 
.2037 
.3054 
.3166 
.3274 

1 .3378 
.3480 
.3570 
.3676 
.3770 


3 712 

3 812 
3,000 
4.005 
4.098 

4,100 

4.281 

4 371 
4 460 
4.548 


627.7 
634 3 


1.2545 


1.2619 
, 2745 


1 . 3863 4 635 687.5 
.3054 4.722 603.2 
.4043 4.808 608.8 
.4131 4.803 704.4 
.4217 4.978 710.0 


640 6< 2866 

646 7, 29S1 

662 8 3092 


658.7 
664 6 
670.4 
676.1 

681.8 


1.4302 

.4386 

.4-»60 

.4631 

.47801 


5.063 

5.147 

5.231 

5.308 

5.565 


1 .40431 5 730 
.50051 5 804 


715.6 

721.3 
726.9 

738.1 

749.4 

760.7 

772.1 


1.3109 

.3303 

.3404 

.3502 

.3598 

1.3692 

.3784 

.3874 

.3963 

.4050 

1.4136 

.4220 

.4304 

.4467 

.4626 

1.4781 

.4933 


90 

50.47 


100 

56.05 


120 

66.02 


140 

74-79 


1 

1 

•1 

•1 


561) 

635 

710 


. 4 


S5 


625 . 3 


631.8 
638 3 
644 7 

650 . 0 

657 . 0 

663.0 

668.0 

674 . 7 
680 . 5 

686 . 3 
60 * , O 

607 . 7 

703 . 4 
700 . 0 

714.7 

720.4 
726 0 

731.7 
737.3 


4 S.Vi 

4 033 

5 081 
228! 


I 24i5\ 2.052 


1 2571 2.085 
.2605 3.068 
.2814 3.140 
.2028 3.227 


I 


. 3038! 

.3144 

.3217 

.3347 

.3444 


I . 3530! 
.36331 
.3724 
.38131 
.3001 


3 301 
3.380 
3 454 
3 527 
3 . COO 


3 , 672 
3.743 
3.813 
3 . 88;i 
3 . 052 


I .3088 4.021 
.4073 4,000 
. 4 1 57 4 . 1 58 
.4230 4.226 
.4321 4.204 


5 


743. 0!l 
748.7 
760.01 
1 


4 I 


1401 

4481 

4637 

47801 


4 . 36 1 
4 428 
4 562 
4 605 


626 . 3 


^.476' 


620 3 

636 . 0 
642 6 

640.0 

655.2 
661 3 

667 . 3 

673 . 3 

670 . 2 

685 . 0 
600 . 8 
606 6 

702 . 3 
70S . 0 

713.7 

710.4 
725 1 

730.8 

736 . 5 


1 .2400 
. 2530 2 , v505 
.2661 2.576 
.2778 2.645 


62S . 4 


I 


.2801 
. 2000 ] 
. 3 1 04 
.3206 
.3305 


•> 

•) 

•> 

•> 


712 
778' 
842 
005 
2 . 067 


742 

747 

750 

770 


0 

4 

5 


1.3401 3 020 
.3405 3.080 
.3588 3 140 
.3678 3.209 
.3767 3.268 

1,3854 3.326 
.3040 3 385 
.4024 3.442 
,4108 3.500 
.4100 3.557 

1.4271 3 614 
.4350 3.671 
. 4507 3 , 78:1 
4660 3 8051 

I 


i. 22011 2.152 


631.3 

638 . 3 

645.0 

651.6 

658.0 

664 . 2 

670.4 

676.5 

682 . 5 
688.4 

604 . 3 

700.2 

706.0 

711.8 

717.6 
723 4 

720.2 

734.0 


l.«06\s’ 


1 . 2255 
.2386 2.166 
.2510 2.228 

1.2628 2.288 
.2741 2 347 
.2850 2.404 
.2056 2 460 
.3058 2.515 

1.3157 2.560 
.3254 2.622 
.3348 2.675 
.3441 2.727 
.3531 2.779 


740 

746 

758 

760 


1.3620 2.830 
.3707 2.880 
.3703 2.931 
.3877 2.081 
.3060 3.030 

I 4042 3.080 

5 4123 3.120 

0 .4281 3 227 

6 .4435 3.32; 


633.8 1.2140 

640.9 .2272 

647.8 1.2396 
654.5 . 2515 
661.1 .2628 

667.4 ,2738 
673.7 .2843 

679.0 1.2045 

686.0 .3045 

602.0 .3141 

608.0 .3236 

704.0 . 3328 

700.9 1.3418 
715 8 . 3507 
721 6 .3504 

727.5 -3679 
733.3 .3763 


730 . 2 
745.0 
756 7 

768.3 


1.3846 
. 3028 
.4088 
. 4243 
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TABLE A.3— AMMONIA 
Properties of Superheated Vapor (Cont.) 


Absolute Pressure in Ib/in.^ (Saturation Temperatures in italics) 


Temp. 

F 

160 

, S£.e4 

180 

89.78 

200 

96.34 

220 

102.42 

t 

V 

h 

s 

V 

k 

s 

V 

k 

a 

V 

h 

s 

Sal. 

1.872 

631 , 1 

1.1952 

1.667 

632.0 

1 . 1850 

1 . 502 

632.7 

1 . 1 756 

.1 367 

633 . 2 

1 . 1671 

SO 

1,914 

636.6 

1 . 2055 

1.668 

632.2 

1 . 1853 







100 

1.969 

643.9 

1.2186 

1.720 

639.9 

1 . 1992 







110 

2.023 

651.0 

.2311 

1.770 

647.3 

.2123 

1.567 

643.4 

1 . 1047 

1.400 

639.4 

1 . 1781 

120 

2.075 

657.8 

.2429 

1.818 

654 4 

.2247 

1 612 


.2077 

1.443 

647.3 

. 1917 

130 

2.125 

664 4 

.2542 

1.865 

661 3 

.2364 

1.656 

658. 1 

.2200 

1.485 

654.8 


140 

2.175 

670.9 

.2652 

1.910 

668.0 

.2477 

1 

1.698 

665 0 

.2317 

1.525 

662.0 

.2167 

160 

2,224 

677.2 

1.2757 

1.955 

674.6 

1.2586 

1.740 

671.8 

1.2429 


669.0 

1.2281 

160 

2.272 

683.5 

.2859 

1.999 

681.0 

.2691 

1.780 

678.4 

.2537 

1.601 

675.8 

. 2394 

170 

2.319 

689.7 

■ .2958 

2.042 

687.3 

.2792 

1.820 

684.9 

.2641 

1 .638 

682.5 

. 250 1 

180 

2.365 

695.8 

.3054 

2.084 

693.6 

.2891 

1.859 

691.3 

.2742 

1.675 

689.1 

.2604 

190 

2.411 

701.9 

.3148 

2.126 

699 . 8 

.2987 

1.897 

697.7 

.2840 


695.5 

.2704 

200 

2 457 

707^9 


2.1G7 

7o'r9 

1 .3(J^1 

1.935 


1 . 2935 

1.745 

701.9 

1.2801 

210 

2 502 

71^.9 


2.208 

712.0 

.3172 

1.972 

710.1 

.3029 

1,780 

708.2 

.2896 

220 

2.547 

719 9 

1 .3419 

2.248 

718. 1 

.3262 

2.009 

716.3 

.3120 

1.814 

714,4 

.2989 

230 

2.591 

725.8 


2.288 

724.1 

.3350 


722.4 

. 3209 

1 .848 

720.6 

.3079 

240 

2.635 

731.7 

.3591 

2.328 

730.1 

1 

.3436 


728.4 

.3296 

1.8S1 

726.8 

.3168 

250 

2.679 

737.6 

1.3675 

2.367 

1 

736.1 

1.3521 

2.118 

734.5 

1 . 3382 

1.914 

732.9 

1.3255 

260 

2.723 

743.5 

.3757 

2.407 

742.0 

.3605 


740 . 5 

.3467 

1 . 947 

739.0 

.3340 

270 

2.766 

749.4 

.3838 

2,446 

748.0 

.3687 

2.189 

746.5 

. 3550 

1.980 

745.1 

.3424 

280 

2.809 

755.3 

.3919 

2.484 

753.9 

.3768 

2.225 

752.5 

. 363 1 

2.012 

751 . 1 

.3507 

290 

2.852 

761.2 

.3998 

2.523 

759.9 

.3847 


758.5 

.3712 

2.044 

757.2 

.3588 

300 

2.895 

767.1 

1 . 4076 

2.561 

765.8 

1 . 3926 

2.295 

764.5 

1.3791 

2.076 

783.2 

1.3668 

320 

2.980 

778.9 

.4229 

2.637 

777.7 

.4081 

2.364 

776.5 

.3947 


775.3 

.3825 

340 

3.064 

790.7 

.4379 

2.713 

789.6 

.4231 

2.432 

788.5 

.4099 

2.203 

787.4 

.3978 

360 







2 500 

800 5 

4247 

2 265 

799 5 

4127 

380 







2.568 

812.5 

.4392 

2.327 

811.6 

. 4273 

Temp. 


240 



260 



280 



300 


F 


108.00 



113.42 



118.45 



123.21 


Sal. 

/ . 253 

633.6 

1.1592 

i . 

1 

633.9 

1.1518 

1.072 

634.0 

1.1440 

0.990 

634.0 

1 . 1383 

110 


635.3 

1.1621 

■■ 









120 

■ ITliI 

643.5 

.1764 

1.182 

639.5 

1.1617 

1 . 078| 

635.4 

1.1473 




130 


651.3 

.1898 

1.220 

647.8 

.1757 

1.115 

644.0 

.1621 

1.023 

640.1 

1.1487 

140 

1.380| 

658.8 

.2025 

1.257 

655.6 

. 1889 

1.151 

652.2 

.1759 

1.058 

j 648.7 

. 1632 

160 

1.416' 

666.1 

1.2145 

1.292 

663.1 

1.2014 

1.184 

660.1 

1 . 1888 

1.091 

656.9 

1 . 1767 

160 

1.452 

673.1 

.2259 

1.326 

670.4 

.2132 

1.217 

667 6 

.2011 

1.123 

664.7 

.1894 

170 

1.487 

680.0 

.2369 

1.359 

677.5 

.2245 

1.249 

674.9 

.2127 

1.153 

672.2 

.2014 

180 

1.521 

686.7 

.2475 

1.391 

684.4 

.2354 

1.279 

681.9 

.2239 

1.183 

679.5 

.2129 

190 

1.554 

693.3 

.2577 

1.422 

691.1 

.2458 

1.309 

688.9 

.2346 


686.5 

.2239 

200 


699 . 8 

1.2677 

1.453 

697.7 

1.2560 

1.339 

695.6 

1 . 2449 

1.239 

693.5 

1.2344 

210 


706.2 

.2773 

1.484 

704.3 

.2658 

1.367 

702.3 

.2550 

1.267 

700.3 

.2447 

220 


712.6 

.2867 

1.514 

710.7 

.2754 

1.396 

708.8 

.2647 

1.294 

706.9 

.2546 

230 

1.683 

718.9 

.2959 

1.543 

717.1 

.2847 

1.424 

715.3 

.2742 

1.320 

713.5 

.2642 

240 

1.714 

725.1 

.3049 

1.572 

723.4 

.2938 

1.451 

721.8 

.2834 

1.346 

720.0 

.2736 

260 

1 .745 

731.3 

1.3137 

1.601 

729.7 

1.3027 

1.478 

728.1 

1.2924 

1.372 

726.5 

1.2827 

260 

1.775 

737.5 

.3224 

1.630 

736.0 

.3115 

1.505 

734.4 

.3013 

1.397 

732.9 

.2917 

270 

1.805 

743.6 

.3308 

1.658 

742.2 

.3200 

1.532 

740.7 

.3099 

1 .422 

739.2 

.3004 

280 

1.835 

749.8 

.3392 

1.686 

748.4 

.3285 

1.558 

747.0 

.3184 

1.447 

745.5 

.3090 

290 

1.865 

755.9 

.3474 

1.714 

1 

754.5 

.3367 

1.584 

753.2 

.3268 

1.472 

751.8 

.3175 

300 

ft 

1.895 

762.0 

1.3554 

1.741 

760.7 

1.3449 

1.610 

759.4 

1.3350 

1.496 

758.1 

1.3257 

320 

1.954 

774.1 

.3712 

1.796 

772.9 

.3608 

1.661 

771.7 

.3511 

1.544 

770.5 

.3419 

340 

ft ft .^v 

2.012 

786.3 

.3866 

1.850 

785.2 

.3763 

1.712 

784.0 

.3667 

1.592 

782.9 

.3576 

360 

ft ftft 

2.069 

798.4 

.4016 

1.904 

797.4 

.3914 

1.762 

796.3 

.3819 

1.639 

795.3 

.3729 

380 

2.126 

810.6 

.4163 

1.957 

809.6 

; .4062 

1.811 

808.7 

.3967 


807.7 

.3878 

400 




2.009 

821.9 

1.4206 

1.861 

821.0 

1.4112 

am 


1.4024 
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TABLE A.4~METH\X CHLORIDE 

PROPERTIf:S o?' I..iqiTi|) AND SaTI^RATKD VAPORt 


Ternj). 

Pressure 


Abs. 

Gauc 

1* 



t 

P 


-80 

1 053 

1 

2.5 . 94 * 

-70 

2 751 

24. 32* 

-60 

3 . 79U 

22. 19* 

-.50 

.5 . 1 55 

19.43* 

-40 

6,878 

15.02+ 

-38 


15.12* 

-36 

7 - 684 

14.28* 

-34 

8.115 

13.40+ 

-32 

8 . .500 

12.48* 

-30 

9.030 

1 1 - .52* 

-28 

0.526 

10.53* 

— 26 

10.04 

9.490* 

-24 

10.57 

8.399* 

-22 

11.13 

7 . 267 * 

-20 

1 1 .71 

6.000* 

- 18 

12.31 

4 . 866* 

-16 

12.93 

3 . .594 * 

- 14 

1 3 . 58 

2.268* 

- 12 

14.26 

0.890* 

-10 

14.96 

0.206 

- 8 

1 .5 . 69 

0,996 

- 6 

16.45 

1 .754 

- 4 

1 7 . 24 

2 . 510 

_ o 

1 8 . 05 

3 . 356 

0 

18.90 

4.201 

2 

19.77 

5 . 077 

4 

20 . 68 

5 . 985 

5 

21.15 

6.455 

6 

2 1 . 62 

6,92 1 

8 

22 . 59 

7 . 896 

10 

23 . 60 

8 . 903 

12 

24 , 61 

9 , 94:i 

14 

25 . 72 

1 1 . 02 

16 

26 . 83 

12. 13 

18 

27 , 97 

13,28 

20 

29. 16 

If 16 

22 

30 38 

1 5 . tV9 

21 

3 1 . 64 

Hi 95 

26 

32 . 95 

18,25 

28 

3 1.29 

1 9 . 60 

30 

3.5.08 

20 . 98 

32 

37.11 

22 , 1 1 

;m 

3S , .58 

23 . 88 

;i6 

It) , 09 


3S 

1 1 . 65 

26 . 95 

40 

13 2.5 

2 8. 56 

42 

11,91 

30 21 

14 

16 61 

31 91 

46 

18,3.5 

33.66 

IK 

■50 . 1 5 

35.45 


Vohiinc 


Density 


Entlialpy 
from — 40 !•' 


Entropy 
from — 40 F 


Liquid 
ft Vlb 




Vapor I Liqui<) 
ftVlb Ib/ft» 


). 01403 
.01.*)O8 
.01523 
.01538 

>01553 

,01550 

.01550 

,01502 

.01505 

) . 0 1 508 
. 0 1 57 1 
.01574 
.01577 
01580 

:).01583 
. 0 1 580 
. 0 1 580 
.01502 
. 0 1 505 


.O10O1 
01 004 
.01007 
.01010 

0.01013 
.01010 
.01010 
.01022 
.01025 
.01028 


.01031 
.01037 
.01010 
.01011 

0.01017 
.01050: 
. 0 1 051 
.010581 
.01002 

0.010051 
. 0 1 000 
.01073 
.01077 
.01081 

0.01081 

OIOSS 

.01002 

.01000 

.01700 


Vg 

41.08 
20 . 84 
22.00 
1 0 . 04 


/ V/ 



0.873 
0 . 300 
8 053 
8 . 533 
8. 130 


00 . 08 
00 . 3 1 

05 . 00 
05 . 02 

04 . 30 
04 . 27 
04 . 1 4 
04 . 02 

03 . 00 

03 . 78 
03 . 05 
03 . 53 
03 4 1 
03 . 20 


2 45. 

2 . 300l 


%’np»»r Liqui«l 
lb, ft’ Bm.-lb 


I Vo 


hf 


Latent \’ni>or I Liquid 
Rtu, lb Htu/lblRtu/lb I- 


7,701 03.17 
7. 4 OS 03.80 
7.074 02.03 
0.758 02.81 
0.450 02.70 

0.170 02.58 
5.008 02.40 
5 . 054 02 . 34 
5.413 02.23 
5.185 02.11 

4.000 02.00 
4.703 01.88 
4,5r.S 01,77 
4 471 01 .05 
4.370 01.54 
4.200 01.43 

01 .31 

r> 1 . 20 
0 1 . 00 
00 , 08 
00 . 83 

00 72 
00.01 
00.40 
00 3 1 
00 . 1 7 

2.730 00.00 
2 . 040 50 , 02 
2.540 50. 




< t 

.*>0 , 03 
50 , 40 

50 , 38 
50 . 24 
50 10 
5S . 00 
58 . 82 


0.024.34 
.03351 
. 04527 
.000101 

0.07801 
.08278 
.08712 
.00100 
. 00030 

0 1013 
. 1004 
.1117 
. 1172 
, 1220 

O. 1280 
. 1350 
. 1414 
. 1480 
. 1548 

0. 1010 
. 1 003 
. 1700 
. 1847 
. 1020 

0,2013 
.2100 
.2180 
. 2237 
. 2284 
. 2378 


0.2477 
. 2570 
. 2084 
. 2702 
. 2004 

0.3010 
.3138 
.3201 
. 3388 
.3517 

0 . 3050 
.3787 
.3028 
.4073 
.4222 

0.4375 
.1532 
4004 
4 SO I 
5033 


13.888 
1 0 . 52 1 
7 . 030 
3 . 532 

0.000 
0 713 
1.420 
2.138 
2.850 

3 . 502 
4.277 

4 003 

5 711 
0.427 

7.110 
7 . 803 


hr, 


108-04 

100.77 
104 78 
102.72 

1 00 06 
100 23 
180.81 
1 80 . 38 

188.05 

1 88 . 52 
1 88 . 00 

1 87 . 05 
1 87 . 22 

186.78 


184.75 
186.25 
187,74 
180.1 0 

100-06 

100.05 
101 .23 
101.51 
101 .80 

102 08 
102.37 

1 02 . 05 
102.03 
103.21 


8 . 584 ; 1 85 . 10 
0 307!iS5 01 
10 03 ! 184. 50 


180.34 103.40 
185.00 103.70 
104.04 


10 75 
11.48 
12.20 

1 2 . 03 
13.00 

1 4 . 30 
15. 12 
1 5 . 85 
10.21 
1 0 . 58 

17.31 

18.04 
18.77 
10.51 
20 . 25 
20 . 08 

21.73 

22,47 

23.21 

23 . 05 
24.70 

25.44 
20 . 1 8 
20 03 

27 07 

28 42 

20 1 7 
20.02 
30 . 07 
31.42 
32.17 


181.11 
1 8;t . 00 
18:1.21 

182.70 

1 82 . 30 

181.85 

181.30 
180.03 

180.70 
180.47 
180.01 

1 70 . 53 

170.00 
178. 58 
178.10 

177 . 01 


70 . 1 1 
175.01 
175.10 

174.50 
174.08 

173 . 50 
173.05 
172 53 

172 00 
171 48 
170 05 
170 42 
100 8 * 


104,32 

104 . 50 

104.87 
105.14 
105.42 
I 05 . 60 
105.00 

106.23 

106.51 
100.78 
100.02 
1 07 . 05 
107.31 


107 . 

107.83 
lOS.Ot) 
108.34 

1 08 . 50 

108.84 
100.08 
1 00 . 32 

100.50 
100.70 


8/ 

0 0351 

0.0261 

0.0172 

0.0085 

0 . 0000 
.0017 
.0034 
.0051 
.0067 

0.0084 

.0100 

.0117 

.0133 

.0150 

0.0166 

.0183 

.0199 

.0215 

.0232 

0 . 0247 


Vapor 
Btu/lb F 

9g 


0.4882 

.4790 

.4703 

.4620 

0.4544 

.4529 

.4515 

.4500 

.4486 

0.4472 

.4458 

.4445 

.4431 

.4418 

0 . 4405 
.4393 
.4380 
.4367 
.4355 

0.4343 


.0263 

.4331 

.0279 


. 0295 


.0311 


0.0327 

0.4284 

.0343 


.0359 


.0367 


.0375 

.4251 

.0390 

.4240 

0.01 OG 

0.4229 

.0422 

.4218 

.0437 

.4208 

.0453 

.4198 

.0468 4187 


200 , 03 
2(X>.26 
200 . 49 
200.72 
2(K1 . 95 

201 . 17 
201.10 
201.62 
201.84 
202 . 061 


0.0484 0 4177 
0499 .4166 

.0514 .4156 

.0530 .4146 

.0545 .4136 

0.0560 0.4126 
.0575 .4117 

.0590 . 4107 

.0l'»05 . 4098 

.0621 .4088 

0.0636 0.4079 
.0651 .4070 

.0665 . 4061 

.0680 . 4052 

. 0695 . 4043 


* IlK-bes uf ituTfury below «»tie at iiu>.splu're. 
t Courtesy !•.. I. DuINmt de Xeimuirs d: Co., Ine.. '1 be Elect rochemicj^ls DepartmonU 
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TABLE A.4— METHYL CHLORIDE 

Properties of Liquid and Saturated ^'APOR (Cont.) 


Temp. 

Pressure 

Volume 

1 

Density 

Kiithalpy 
from — 40 F 

Entropy 
from -40 F 


Abs. 

Ga^e 

Liqtiid 

Vapor 


Vapor 


Latent 

^'^lpor 

Licpu<l 

Vapor 

r 

lb/in.2 

lb/in.2 

ftVlb 

fiVlb 


Ib/fi* 

Btu/lb 

Btu/lb 

iUu/lb 

Btu/lb F 

Btu/lb F 

t 

V 

PJ 

V/ 

Vo 

Bfl 

/ /va 

A/ 

hfg 

hg 

«/ 

8q 

50 

51.99 

37.20 

0.01704 

1.920 

58.69 

0.5208 

.32.93 

169.35 

202.28 

0.0710 

0.4034 

52 

53.88 

39.18 

.01708 

1.856 

58 . 55 

.5388 

33.68 

168.81 

202.49 

.0725 

.4025 

54 

55.83 

41.13 

.01712 

1.794 

58.41 

.5573 

34.44 

168.27 

202,71 

.0740 

.4017 

56 

57.83 

43.13 

.01716 

1.735 

58.28 

.5763 

35.19 

167.72 

202.91 

.0754 

.4008 

58 

59.88 

45.19 

.01720 

1.679 

58.14 

. 5958 

35.95 

167.18 

203.13 

.0769 

. 3999 

60 

62.00 

47.30 

0.01724 

1.624 

58.00 

0.6158 

36.71 

166.62 

203.33 

0.0784 

0.3991 

62 

64.17 

49.47 

.01728 

1.572 

57 . 87 

.6302 

37.47 

166.07 

203 . 54 

.0798 

.3983 

64 

66.39 

51.70 

.01732 

1.522 

57.74i 

.6572 

38.23 

165.51 

203.74 

.0813 

.3974 

66 

68.67 

53.98 

.01736 

1.473 

57.60 

.6788 

39.00 

164.95 

203 . 95 

.0827 

.3966 

68 

71.01 

56.32 

.01740 

1.427 

57.47 

.7008 

39.76 

1 64 . 39 

204.15 

.6842 

.3958 

70 

73.41 

58.71 

0.01744 

1.382 

57.34 

0.7234 

40.52 

163.82 

204.34 

0.0856 

0.3950 

72 

75.86 

61.17 

.01748 

1.339 

57.21 

.7467 

41.29 

163.24 

204 . 53 

.0870 

.3941 

74 

78.37 

63.68 

.01752 

1.298 

57 . 08 

.7704 

42.06 

162.66 

204.72 

.0885 

. 3933 

76 

80.94 

66.25 

.01756 

1.258 

56.95 

.7948 

42.82 

162.08 

204 . 90 

.0899 

.3925 

78 

83.57 

68.87 

.01760 

1.220 

56.82 

.8196 

43 . 59 

161.50 

205.09 

.0913 

.3918 

80 

86.26 

71.56 

0.01764 

1.183 

56.69 

0.8451 

44.36 

160.91 

205.27 

0.0928 

0.3910 

82 

89.01 

74.31 

.01768 

1.148 

56 . 56 

.8710 

45.13 

160.32 

205.45 

.0942 

.3902 

84 

91.82 

77.13 

.01773 

1.114 

56.40 

.8979 

45.90' 

159.72 

205 . 62 

. 0956 

.3894 

86 

94.70 

80.00 

.01778 

1.081 

56.24 

.9253 

46.67 

159.13 

205 . 80 

.0970 

,3887 

88 

97.64 

82.94 

.01782 

1.049 

56.12 

.9531 

47.44 

158.52 

205 . 96 

.0984 

.3879 


100.6 

85.95 

0.01786 

1.018 

55.99 

0.9819 

48.21 

157.92 

206.13 

0 . 0998 

0 3872 

92 

103.7 

89.02 

.01791 

0.9889 

55.83 

l.Oll 

48.99 

157.31 

206.30 

. 1012 

.3865 

94 

106.9 

92.16 

.01796 

.9603 

55.68 

1.041 

49.77 

156.69 

206.46 

. 1026 

3857 

96 

110.1 

95.37 

.01800 

.9333 

55 . 56 

1.072 

50.54 

156.08 

206.62 

. 1041 

.3850 

98 

113.4 

98.65 

.01804 

.9069 

55.43 

1.103 

51.32 

155.46 

206.78 

, 1055 

.3843 

100 

116.7 

102.0 

0.01808 

0.8814 

55.31 

1.135 

52.09 

154.85 

206.94 

0. 1069 

0 . 3836 

102 

120.1 

105.4 

.01813 

.8568 

55.15 

1.167 

52.87 

154.22 

207 . 09 

. 1082 

.3828 

104 

123.6 

108.9 

.01818 

.8331 

55.01 

1.200 

53.65 

153.60 

207 . 25 

. 1096 

.3822 

106 

127.2 

112.5 

.01823 

.8105 

54.85 

1.234 

54.43 

152.97 


.1110 

.3815 

108 

130.8 

116.1 

.01828 

.7884 

54.70 

1.268 

55.22 

152.33 

207 . 55 

.1124 

.3808 

110 

134.5 

119.8 

0.01833 

0.7672 

54.55 

1.303 

56.00 

151.70 

207.70 

0.1138 

0.3801 

112 

138.3 

123.6 

.01838 

.7466 

54.41 

1.339 

56.78 

151.06 

207.84 

.1151 

.3794 

114 

142.2 

127.5 

.01843 

.7268 

54.26 

1.376 

57 . 57 

150.41 

207.98 

.1165 

.3787 

116 

146.1 

131.4 

.01848 

.7075 

54.11 

1.414 

58.36 

149.77 

208.13 

.1179 

.3781 

118 

150.1 1 

135.4 

.01853 

.6889 

53.97 

1.452 

59.15 

149.11 

208 . 26 

.1193 

.3774 

120 

154.2 

139.5 

0.01859 

0.6710 

53.79 

1.490 

59.93 

148.46 

208.39 

0.1206 

0.3768 

122 

158.4 

143.7 

.01865 

.6534 

53.62 

1.530 

60.73 

147.80 

208 . 53 

.1220 

.3762 

124 

162.6 

147.9 

.01870 

.6367 

53.48 

1.571 

61.51 

147.14 

208 . 65 

.1234 

.3755 

126 

167.0 

152.3 

. 00875 

.6201 

53.33 

1.613 

62.31 

146.47 

208.78 

. 1247 

.3749 

128 

171.4 

156.7 

.01881 

.6043 

53.16 

1.655 

63.10 

145.80 

208.90 

. 1261 

.3742 

130 

175.9 

161.1 

0.01887 

0 . 5889 

52.99 

1.698 

63.89 

145.13 

209.02 

0.1274 

0.3736 

132 

180.4 

165.7 

.01893 

.5741 

52.83 

1.742 

64.69 

1 144.45 

209.14 

.1288 

.3730 

134 

185.1 

170.4 

.01898 

.5596 

52.69 

1.787 

65.48 

1 143.77 

209.25 

. 1301 

.3723 

136 

189.8 

175.1 

.01904 

.5455 

52.52 

1.833 

66.28 

143.09 

209 . 37 

.1314 

.3717 

138 

194.7 

180.0 

.01909 

.5320 

52.38 

1.880 

67.08 

142.40 

209.48 

.1328 

.3711 

140 

199.6 

184.9 

0.01915 

0.5189 

52.22 

1.927 

67.87 

141 .71 

209.58 

0. 1341 

0.3705 

100 

225.4 

210.7 

0 . 01945 ! 

1 

0.4586 

51.41 

2.181 

71.87 

138.23 

210.10 

0.1407 

0 . 3674 

160 

253.5 

238.8 

1 

0.01978; 

1 

0.4070 

50.56 

2.457 

75.90 

134.66 

210.56 

0.1473 

0.3646 

170 

283.9 

269.2 

0.02015 

0.3613 

49.63 

2.768 

79.97 

130.96 

210.93 

0. 1538 

0.3618 

















458 


APPENDIX 



APPENDIX 


459 


C4COCO 


Q OCO 

CC *5* ^ ^ ^ *C 

'T 


o oc^ coco 
oo ^ ^ 

OcOO^Ct^ 
^ ^ ^ ^ ^ 


OOMOOM CO 
CO ^ to 00 
t^t^OOCO 00 
^ ^ ^ ^ ^ 


o ^ WOCO 
O') to CO 04 to 
o o c^o o 

^ ^ ^ tOtO 


COC0004 ^ to 1^ 
00 ^ to 00 — *«r 1^ 
O ^ ^ OI 04 04 

lO to to lO 40 to to 


c.S 


« »00 
£^d 

0405 r 
. . a 
o ^ c 

1h c 

2 

o * 
u u ^ 

MM ? 

sS 

<o 


*-«tOO 

'•J'COCO 


C 5 ooco cs O fO 

04 04 04 04 04 CO 


^ o 

CO •d' to CO b- 


to cs C 0 04 CO 
CO C5 ^ CO to 


COt^O C 5 co 

0*0 04 t^ 


00004 coco O ^ 
OcOt^O'O 0004 


o ^co 

0500 
^04 04 


to 00 o ^ CO 
oooo-^ 

04 04 04 04 04 04 


tO O CO 

M M 

04 04 04 04 04 


to h*004 ^ 
04 04 CO CO CO 
04 04 04 04 04 


CP 00 CO to 
CO CO ^ ^ ^ 
04 04 04 04 04 


00 O 04 to 05 04 

^ to to to to to CO 
0404040404 04 04 


CO ^C5 
CO <o to 
O ^04 


<0 04 05 0^04 
to to C5 ^ ^ CO 

CO ^ •t to cor^ 




— 

X 

C5 

04 

X 

X 

0 

04 

•0 

X 

X 

0 

0 

— 04 

X 


X 

X 

t- 

X 

05 

X 

04 



0 

0 

C5 

X 

t- 

X 

X 



X04 


0 

05 

X 

t- 

X 

X 

X 

C5 

0 

— • 

04 

04 

X 


X 

X 

t- 

X 

05 

0 — 

04 

X 

X 


X 

X 

t- 



X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

XX 

X 

X 

X 

X 

X 

X 

X 


fl.5 


O^QO 
O ^C0 04 
CO CO CO 
^ ^ 


00 CO to ^ 0100 
to C5 — cor^o 
'ft «t to to to CO 
^ ^ ^ ^ ^ ^ 


to ^ CO 00 

'-i - 00 ^ to 00 

CO <o o» 
^ ^ ^ ^ ^ 


CO 00 04 
04 tO 05 04 CO 
00 00 00 C 5 C 5 
^ ^ ^ ^ ^ 


^ CO*- ^ r^ 
C5 04 CO C5 04 

0)0 oo 

< 9 * to to to to 


004 ^ cor- o o 
to O 04 to 00 M iTS 
^ ^0404 04 CO CC 

to tO tO tO tO to to 


|:§S 


a^.ci 

cq 

X 0 04 X 

— X X X X r- 

0X000 

04-^OXX 

OXX 

xxoxo 

XX 

04X • 


C50Xt- 

t- X X XXX 

xc— xo 0 

— 04 ^ xr- 

0 — ^X0 

CM XX04X 

ox 

^ cT S' 

Co 

9 4 • • 

t— 05 — X 

X r-xo^x 

Xt-O — X 

XXO04 -0 

XO — XX 

XOCMXt- 

004 

a t: S 

05 

05 000 

0000 —— 

— — — 04 04 

04 04 XXX 

xx^ ^ ^ 

X X 

XX 

0 a 

ssh 

® 4) 

— f 

— — 04 04 

04 04 04 04 04 04 

04 04 04 04 04 

04 04 CM 04 04 

CM CM 04 04 CM 

CM CM CM 04 04 

04 CM 


d 

1^ 

<o 


«- t-04 CO 
O ^CO 

oooo ^ 


oco O coo 
<o r -04 ooo ^ 

O4C0 ^ ^tot— 


CO to cot - 00 

04 CO ^ to <0 
00 O O ^04 


o o o o o 
t-co oo^ 

CO ^ to t— CO 


O 00 t- <o to 
04 CO *5* toco 
OO — 04C0 


^C004 — O ox 
t-XOO— —04 

^tOXXO o — 


^^tox kotototototo xtocooco coxxcoco cot-t-t-r- r-r-r-f-t— xx 


c.Sp- 

i2V 



to XtO ^ X 

lOOX t-^ 
COX^ ^ X 
^ ^ ^ ^ ^ 


04 o xr-*^ ^ 
to X O 04 O O 
lO to xxxt- 


t- XO ^O) 
xr-o ^ t- 
r-t-xoox 


^0 xr- — 

— X— *r X 

0 — xxt- 

0 

— *OX — X 

x — xx — 

^x— ^t- 

0 

00000 

0 — — — CM 

04 04 XXX 


^ ^ X X 

XXXXX 

XXXXX 

X 


£Sid 

o o g 

a s| 
i|e 

<o 


s> 


X 

0 - 

t-x 


X 


X 

CM — 


X 

X 

0 

04 

C 5 

0 

0 

0 

00 


— 

— 

CM 

04 04 


O to X 

— ooo 


— xoxx 

OO— '»^04 


xo^ ot— 

X^ CO h»0 


toxo r- ^ 

— XXX — 


xxr-ox 
'> 9 * r-o t— 


XX0004 
OOO^ — ^ 
04 04 04 04 04 04 


<0X004 ^ 
— — 04 04 04 
04 04 04 04 04 


<0X004 
04 04 XXX 
04 04 04 04 04 


r-o -^xco 

XX"d* ^ ^ 

04 04 04 04 04 


xoxtor- 

^ tO to tO to 

04 04 04 04 04 



t-00» XX 
O tO O CO t— 
oo — x^ 


xxxxxx 
— t0 04C)Xt— 
CD t— XX O ^ 


— ot-tox 

— ^X04 CO 
X^toc-X 


— t— XO to 
oxt-o ^ 

o — 04 ^ to 


^t-X O to 

X — t0X04 
XX05004 


— t- 04 t -04 
XOXXO 
X*^Xt- 05 


XXXXX XXXXt— t- t-t-t— t— t— XXXXX XXXC505 050000 


.5>fa 


S fiX 

£— ei 

— ^ I 

££d 

i|s 

n <n oi 
£26 h 

® SJl.^ 

<0 



04 04 — 00 
— tOOXX 
^ ^ X X 
^ ^ ^ ^ ^ 


IS.XX04 OX 
O ^ X X — X 

xxxxr-t- 

^ ^ ^ ^ 


04XXO ^ 
004 XOX 
t-XXXO 
^ ^ ^ ^ ^ 


xxr- — X 

cOO cot-o 

0000 -^ 

^ lO XXX 


X04X4-0 

xt-oxt- 

— — 04 04 04 
(O X X X X 


04 ^ X X O 

oxx ox 

xxxx 

XXXXX 


-H 

04 

000 

0 

X 


0 

X 

t-x 


X 



<0 

XO 

04 



0 

0 

00 

0 

0 


— 


— C 4 

CM 

CM 


^04 ^ XX 
X04 04 04 — — 


05 — X040 
— 04 04 X^ 


— — COOX 

xxr-oo 


xxot-^ 
04 ^ XO04 


04 — XOX 
X X — ^ 00 


0X0004'^ 
04 04 04 04 04 04 


CDXO04 ''t* 
— — 04 04 04 
0104 04 04 04 


XX004 X 
04 04XXX 
04 04 04 04 04 


C— O — XX 
XX ^ ^ ^ 
04 04 04 04 04 


xoxxr- 

X X X X 
04 04 04 04 04 




00000 

^04X^ 


00X0 

lOXXt- 


S oooo 

— 04X^ 


00000 

10 <Dt-XC5 


00000 

O — 04X^ 

Ct 04 04 04 04 


00000 00 

40<O I— XC5 O — 
C^04C4C404 XX 


* Courtesy E, I. DuPont de Nemours & Co.> Inc., The Electrochemicals Department. 











TAHLE A.5— METH'^'L CHLORIDE 
Propkrties of Scpermeatkd Vapor (Co\t.) 


460 


APPENDIX 
























APPENDIX 


c 

ctr 


C 3 C 5 o o ^ ^ 

C^CO ^ ^ ^ -^Tj* 


c: ^ t^ 

c^ €0 O 

Cl O'! CO CO CO 

^ ^ ^ 


CO 00 CO CO d 
^ ^ 00 M IC 
^ ^ ^ lO IC 
^Tj« ^ ^ ^ 


CDO ^h*0 
00 d lOCOCI 
O «© <0 <D 

^ ^ ^ ^ ^ 


d^ oooc^ 
lOGO-^^t^ 
h»r^ X 00 00 
^ ^ ^ ^ ^ 


^dco 

O C 5 o 

^ ^ ^ 


Sfc- 

93 ,£ 

CO 

£ «^*& 
3^6 

^Ih 

« ^JS- 

JO u^ 
< ^ 


© COM to 00 
toi^oco© 


© d ^ ©O 
© CO ©© CO 


to © 

©O cot^ ^ 

CO ©©©CO 
cococo^ ^ 
d d CS OI C'l 


© © h* © ^ 
© © ©r^d 

• *•44 

© © d © 

^ ^ © ©© 
d d C^ d d 


© ... © ^ © 

« * « « « 

t^© d ©r^ 
© © © © © 
d d d Cl Cl 


r^© © 

F- r^d 
O d © 
d d Cl 


c 

c;r 


\ 9 >CL 4 

g©© 
^© . 

lit 

§ ^Ph 

t S^ 

10 

© 6 Cf"^ 



^co©©© 

^ ^ f-H 0 ^ 

ddddd 


Cl ^ r>- © 1 -H 
Cl Cl d Cl © 
ddddd 


^©©^ CO 
CO©© ^ ^ 
ddddd 


d © ©©^ 
O ©©d © 

©©©©© 
^ ^©© © 
ddddd 


©^ © © © 
© ©© ^ © 

©© © ©f« 
© © © © © 
d Cl d d d 


o d 1 ^ 
©o © 

I » * 

o© © 

d dd 




© ©© 
© ©© 


o©d©© 
c«o ^ 
©©©©c^ 


© © © Cl © 
^ © ^ © © 
c*c»©©© 


o ^ r^ — © 

Cl © © d © 

Ci Cl oo o 


© Cl d ©© 
© ^ © © ^ 
O *-« *-H ^d 


O d-^ ©© 
©© ^ 
d Cl © © CO 


o d ^ 
^ ^ ^ 


ddddd ddddd 


d d d 


• c 

c?r* 





©©Cl Cl Cl 
O d ^ ©d 

o o o o ^ 

^ ^ ^ 


Cl ©©'^d 
© O ^ ©d 
^dd d © 


Cl ©d ©© 

© ci©©o 

CO© ^ ^© 


©©©d © 
©C*© ^ h* 
© © © © © 
^ ^ ^ ^ ^ 


Cl d ©©o 
o*^c»o ^ 

^ ^ ^ ^ ^ 


d ^ ©t^Cl 

c»o©©ei 

© Cl Cl ©Cl 

^ ^ ^ ^ ^ 


o ^ 
©© 
o © 
© © 



«0 ofQ 

< ^ 



c 

Qxr 


X — © 
rsl 

sgl 

iIh 

W 01 ^ 
X 

<« 4 




co^^^^co 

©© ^©fs-^ 

OO ^ ^d 


CIO© ©d 
©©d©o 
dd©©^ 


o © ^ © ^ 
coc**-^^© 
^ ^ ©©© 


© O ^ © Cl 
^©00 ^© 
© © © c* c* 


©© t-^^© 

©^©oo 

t^©©©ci 

<Kt< ^ 


©o ^©^ 

CiClOO o 
^ ^ © © © 



©©^f^Ci© 
© ©t^c^©o 

d^ ©© 00 ^ 

ooooo ^ 

dddddd 


©©dO© 

f-N©©t,.© 

co©c*ci^ 

ddddd 


Od©Ol© 
— ©©f^O 

^©©o © 

d d d ©© 
ddddd 


d — o ^ © 

©©Old © 
« « • ♦ « 

©C«Old^ 

©©©^^ 

ddddd 


dt^©d© 

cid© 0 ^ 

© Cl ^ ^ © 
^ ^ © © © 
ddddd 


©r^^©© 

©dt^ ^© 

00 ^©©© 

©©©©© 

ddddd 



©^ci^^© 
o©t^o©o 
OOO ^ *-Nd 


dO©©© 

©O^CI^ 

d©©©^ 


o r^^o© 
ci©©©c^ 
© ©© 


d ©©©© 

d ©^ ©o 

t^r^©©ci 


©©©©© 
^Cl©©d 
Cl Cl o o 


cot^^ ©Ol 

•-^dd©© 



dddddd ddddd ddddd ddddd dd©©co ©©©©© 


a 

Scc! 



oo©ooo 

©©©t^QOO 


ooooo 

O ^d©^ 


ooooo 

©©r^©o 


ooooo 

O •Hd©^ 
ddddd 


ooooo 

©©t^©CI 

ddddd 


ooooo 
O ^d©^ 
©©©©© 


o o o 
© ©c* 
©©© 













TABLE A.5— METH\T CHLORIDE 
Properties of Superheated Vapor (Co 


APPENDIX 


X — O 

- sip 

^ Ih 

Si ^ 

66 Cp>5^ 

X w 

9S 

‘U 


c 

.£*<^ 
X — 

® 4^0 

— o " 

I I E 

X 

"=(3 


d.S 

'V.'^ 

> 5U, 
:t: — «> 

c 

^00 • 


'• V M 

^ E 
=• » t 

5* tr: H 


. - x 
I &•- 


c:c^ 

1^00 


00 60 O 

00 Ci c*. « o 


l^ CO ^ C^ C5 
00<N 60 C CO 

o « •*« M CS 


IC — CO ^ 

^cc ^ 

C^ CO CO CO ^ 


OCO 60 03 

^00 ^^00 

^ ^ 40«0 kO 


^t^C50 
60 CO 60 h<* 


C0I0« 

O CO 

h«oecc 




4CCO^ 
C^ 60 ^ 
00 00 03 
CO CO CO 


^ 4C 60 CO ^ 
»0 Cv CO — 

C3CiO c — 
coco ^ ^ ^ 


^ 0 coc^ 

40 05 C^CO S 
^ — C^ Oi 


CC CO to 

CO 

coco 


O CO to 05 ^ 

— ^ o ^ 

4.0 40 CO cO 


CO 10 t^CC 05 
r^o CO toc5 


c ^ 

CO CO 

ooS 




© c^ ^ 

r^co© 

©04^ 

o — — 

c^o^o< 


00 <0 © © ^ 

^ O 4C © © 

1^0 C'C 40 1 ^ 

^ CM M 

01 01 ^^ cs 


CO»Cl^ © CO 
— © ^ h* 


CO ^ © © C"! 
r^ M r-» 00 


© — © •tf ^ 
eo © ^ © © 


^o «c^© 

c^©^o © 


coo 


c ^i © h- © 
CO CO CO co^ 


© r^ © c^ 
^ ^ © 
CS 04 


© r^o CO © 
© © © © © 
C4 04 M 04 ^* 


00 © CO©© 
04 04 04 04 04 


ss 

04 04 



3 ©© 

t^© 

t*» 0 ^ 


©©«t^© ©^?o^© 

^co©o^© ^co©t^© 

© 06 ©©© ©©©©© 


04© h« 

g 04 ^ © h* 

© o© © 





r^c 01 © 
© ^© © 
©© ©© 
© © © © 

• • • • 

^ ^ © 04 © 
© r^ ^ © © 

^ 9* ^ ^ ^ 

qO© © 

04©© © h* 
04 04 ©© © 

© © h* ^ © 

0 ^ ^ 
^ ^ ^ © © 
^ ^ ^ ^ ^ 

© ^ © ©X 
— V r^o 
© © © ©r^ 

^ ^ ^ 

C «©^ © 

^ ^ ^ 

©© 

© 04 
©© 

« « 

04 ^© 0« 

^ ^ ^ C4 © 

© © © ^ 04 

© © ^ 04 ^ 

© o«o © © 

0 *^ © ©© 


— ©0 © 

c © © ^ © 

© r^ M O* 04 

^ © ^ © 

^© 04t^04 

©^ 0 © 04 

©© 

© ^ ^ © 

© ^©©© 

•^© ©» «— 

© © © — © 

©© — ©© 

© — ^©© 



« 04 04 04 04 

© © © © ^ 

^ ^ W-5 © 

© © © © © 


©© 

04 04 04 04 

04 04 04 04 04 

04 04 04 04 04 

04 04 04 04 04 

04 04 04 04 04 

04 04 04 04 0* 

04 04 



©CO ^ 
r^ © 04 © 
©© © © 


M* © © ^04 
© ^ ^ © 
©© © ©o 


© 04 ^ © 


O* ^ 0 ^ 0 * 0 ^ 
©O 04^ © 
•— 04 04 04 04 


© © 
©© 04^ © 
04 CO CO CO CO 




©© 

0 *© 



C Ol CO ^ ^ 
04 ©© ^ © 
©©CO© 
CO CO ^ ^ ^ 


^ CO ^ © © 
05 © © CO O* 
— ^ 04 04 04 
^ ^ ^ ^ 


04©^©W> ©COO* — ^ 
— ^©04© ©04©©04 

COCOCO^^ ^©©©CD 

^ ^ ^ ^ ^ 


O.©04^© o.©©— 

©©04©© — ^ 

©©f^r^r^ ©Qccc©© 





mm 

© © © ^ © 

© ^ © — 0 

C ^ 04 © 0 
© © © O* 04 

04 

© © © t^ ^ 

© © © — 

s 

©0 © © © 

c 04© r^o 

04 ^ © 04 



04 04 04 04© 

© © © © ^ 

04 

04 04 04 04 04 

04 04 04 04 04 

04 04 04 04 04 


CO © — © ^ 
© © © © ^ 


04C0 CO© 0 ^ 




o» 

^ ^ ^ © © 
04 04 04 04 04 


©© — ^ © 
u; © © © © 

04 04 04 04 04 


©© ©04© 
© 04^ ^•© 



©CO ^ ©© 
© © « CO © 

© c 



CO © © 
•-^ ^ © © 
04 04 04 04 


©CO t^^© 
^^ © © — 

©CO ©CO ^ 


©©0-*^^ 

©©© — © 

^ ^ © 




S©^ot© 

— ^ — ^ C4O4O404O4 04 04 04 04 04 


0 5' S © 


© 

©©©cS 


©©©© 




63 

CC 


296 280.71 .4892 


























APPENDIX 


463 


4 

C: 


go^Ki 

pfi^ CO 

®S2 

5|s 

« 

^ tc^ 
< cl 


<o 


o>ooo 

cor^r^ 

CO CO CO 


o ^cco ^ 
oi<o^ »oo 
00 00 oo 

coco CO CO CO 


^OOOiOC^ 
COt^O ^ 00 

oo ^ ^ 

’*9 ^ ^ ^ ^ 


00 ^ 

^ fcOOO C'JUO 

c^ CO CO 

^ ^ ^ ^ 


cocooco^o 

oc^«o 

CO^ 

^ ^ ^ 


00 O — CO ^ 

lO CV| uooo 

40 UO CO ^ ^ 

^ ^ ^ 




^coo 

o 


CN) iOOOO ^ 

c^ — . o ooo 


O CO*^ O CO 

coco — C5 o 


^ »C C5 <N »0 

^00 coco 


OOICO ^ 

O 00 MO coo 


oo o t^co 

00 coco ^ o 


CO<OC5 

cs 


c^ 40 000 CO 
CMC^C^COCO 
CSJ 


coa>c^ ^ r^ 
coco^^ ^ 
cs 


OC0 40 00*- 
UO MO 40 kO <0 
C^ Ol CM C^ 


COOCMIC 
<DcOcOh*C^ 
CM CM CM CM CM 


h-- oco coco 
Ni CO 00 00 00 
CM CM CM CM Cl 


§ 

0^ 


OCM CO 

^ ^ ^ 


^C0 40 
^40t^CCC> 


<or^cocio 
o c^co^ 

kO 40 40 40 40 


o O ^ 

cor^oo o o 

40 40 40 40 CO 


^ «-N M O O 
^ CM C0^40 
cO cO CO CO CO 


C5 o ooo t^ 

40 CO CO Cl 
CO CO CO CO CO 


c« 


t* 


G 

Gir* 


<nCZa 

□5,0^ 

.0 — 0 

.■M 

o 

CM 
CM 

o 


^ £ • 

« c.»55. 

.O 

< d 


Co 

K 

Co 


OO 40 <-N 40 
Cl CO CO CO 

cot^r^cooo 

CO CO CO CO CO 


ooo ^ o 

^COO^OO 

Cl ciooo 
coco^^^ 


CO CD coo 40 
^ 40C1CO CO 
^ ^CMCM 


^ COO^CO 

oco CO 
cococo^ ^ 


r^oco CO© 

^ 40 40 40 CO 

^ ^ ^ ^ ^ 


COkOCOC^CC 
CO CDOCM40 
CD CO CO 1*^ 

^ ^ ^ ^ ^ 


«od 































© ^ 

s 

© 

O 

©© 

O 

CM 

© 

© 

O 

© 

Cl 

O 

r^ 


CM 

O 

© 

© 

CM 

O 

© 



© 

© 

© 


o 

©O 

W* 

© . 

o> 

• 

© 

♦ 

© 

9 

9 

© 

9 

CM 

O 

• 

© 

• 

© 

O 

• 

t^ 


o 







© 



© 

© 

CM 

© 

b* 

© 

CMO 

fl? i 


o 

© 

© 

© 

CM 

© 


O 

© 

© 

© 



© 

© 

CM 



O 

CM 

© 

00 

O 

© 

© 

00 


9 

» • 

b-O 

£ c 

s 




W.4 

CM 

CM 

CM 

© 

© 

© 

© 





© 

© 

© 

© 

© 

© 

© 


b- 

b. 

b» 

© 

© 

©© 

im B 

S.o) 

Ol 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

Cl 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CJ 

CM 

CM 

CM 

© 

CM 

CM CM 


§ 


CMO^OCO 
r^Qoo «-«co 

^^40 40 40 


CO 1^000 
kO 40 kO 40 CO 


CO 40 CM© CM 
CM CO 40© 
© © © © © 


^ kor^ooo 

f^©©©CM 
© ©©t^b» 


^CO ^ 40© 
CO^ 40©t^ 


©O O 
© © •^ CM CO 
b- 1^©©© 


c« 


fl 

«.o^ 
— © 

s<?© 

Sss-* 


o 


la 

3 fli 

8H 

o 


o 
8 
£ 

d offi 
© 

< ^ 



© 

© 

CM 

© 

© 


CM 

CM 


© 

b* 


O 

© 


© 

O 


© 


© 

b^ 

Q 

CM 


© 

fSp 

© 

© 

c 

& 


© 


© 

CM 

b- 


© 

© 

CM 

© 

O 


b» 



© 



© 



© 



b* 

o 

© 

© 

o 

o* 


b* 

00 

© 

© 

© 

o 

O 

o 



CM 

© 

CM 

© 

© 

© 




© 

© 

© 

© 

© 

© 

b« 

b- 

b« 

© 

© 

© 

© 

© 

© 

© 

© 



-*c 

‘d' 




yp 


















o 


O 

©b* 


© 

© 

© 

© 

CM 

© 

© 

CM 

© 

© 

© 

© — 

© 


b* 

^ — 

© 

© 

© — 

© © CM 

4 


© 

O© 

© 

© 

O 

b* 



b» 

© 

O 

© 

CM 

© 

©CM 

© 

© 


GO© 


00 

©© 

Ob*© 

s 

CM 

© 

COO 

© 

© 

© 



b* 

© 

CM 

© 

b* 

O 

CM 

40 00 

O 

© 

© 

00 — 


© 

©Cl 

kObio 

© 



— CM 

CM 

CM 

CM 

© 

© 

© 

© 




© 

© 

© © 

© 

© 

© 

©b» 

b* 

b* 

b.©©©© 


CM 

CM 

CM CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM CM 

CM 

CM 

CM 

CM CM 

CM 

CM 

CM CM 

CM CM CM 




©^©CMt>. 
CO©©©© 
40 © © ©© 


CM© ^'i^© 
^CM^ ©© 
C^d c^^ c^^ 


CM©© — ^ 
©©©CM© 
©©r-r^t^ 


t^OCM©t^ 

^©r*©© 


O CMrt< b-© 
f-H CM ©^ © 
©©©©GO 


o©©©© 

h*©©0^ 

©©©©© 


a 

Gxr 


<OCb 
oa-O*^ 
.0 — 01 

§40© 

22-: 

o hB 

8 if2 

d 


2^ 

© 


© 

© 

© 


^©©^ © 
^ ©o^© 
© © © © © 
©©©©© 


C^t^©©CM 

CM©0^© 


Cl© «© ^ 
M©©CM © 
CM CM ©© 


©©© ©© 
©CM ©©CM 
©^^^ © 
^ ^ ^ ^ ^ 


CM©r^© ^ 
©©Ol©© 
© © © © © 
^ ^ ^ ^ ^ 


CM ©^©© 
CM ©© — ^ 
t^h-r»©© 
^ ^ ^ ^ 


1 

© 

CM 

b- 

CM 

CM 

CM 

© 


© 

CM 

© 

b* 

b- 

© 

© 


© 

© 

© 

b*o 

CM 

© 

o 

©o 

© 

© 

© 

o 

CO 

© 



— 

© 

© 

© 

© 

© 

CM 

© 

© 


b* 

© 

© 

© 

— 

b- 

© 

© 

© 

CM 

© 

© 

— © 



© 

© 

CO 

o 

s 



© 

© 

CM 


b* 

d 

CM 

40 

© 

o 

© 

© 

© 


© 

© 

00 



© 

d 

CM*^ 

b* 

d 

© 

© 

00 


s> 



^4 


CM 

CM 

CM 

© 

© 

© 

© 





© 

© 

© 

© 

© 

© 

©© 

b*b* 

b* 

© 

© 

© 

© 

Cl 


© 

CM CM 

CM 

© 

© 

© 

CM 

CM 

© 

© 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

© 

© 

©CM 

© 

© 

© 

© 

© 

© 


© 

Cv 

© 


o 

© 

© 


©©CM©© 
OCM^ ©b* 
© © © © © 


-«©CMt^CM 

©OCM©© 

©t^h-c^c^ 


CD^©©© 

©©©OCM 

t^t^r^©© 


©©CM 
©© CDt^© 
© © © © © 


© © © © © 
o «-^©^ © 
© © © © © 


CM©© 
c^©© ^CM 
© © © o o 


a 

St=; 

H 


I 


ooo 

CM©^ 


ooooo 

©©b«©© 


ooooo 
O ^eM ©«44 
et CM CM CM CM 


ooooo 

ko©r«©© 

C«eMCM©CM 


ooooo 

O »-NCM©^ 
©©©©© 


ooooo 

IP ©r^©© 
© ©©©© 


oooo 

^CM©*^ 


















464 


APPENDIX 


TABLE A.6 — DK’HLORODIFLUOROMETHANE (FREON-12) 

PROPKRTIKS OF LiQIHI) AXI> SaTI'RATKD VaPORJ 




1* 

f 


- 156 

- 160 

- 145 

- 140 

- 135 

- 130 

- 125 

- I2t: 

- 1 1 5 

-no 

- 105 

- 100 

- !»5 

- !I0 

- 85 

- 80 

- 76 

- 70 

- f>5 

- OO 

- 55 

- 60 

- 45 

- 40 

- 3H 

- 35 

- 34 

- 32 

- 30 

- 2K 

- 20 

- 24 

- 22 

- 20 

- IH 

- 10 

- 14 

- 12 

- 10 
- 8 
- 0 
- 4 

•) 

0 

4 

61 

0 

H 

10 

12 

14 

10 

IH 

20 

• >•> 

24 

20 

2H 


Pressure 


Al>s. 

n./iti3 

P 


011 03 


0 


I 527 
1085 
2554 
3250 
4110 


0 5100 
.0417 
, 7021 

0700 

1 182 


1 

1 

•j 

o 


430 
710 
054 
441 
, 885 


3 303 
3,071 

4 020 

5 305 
0 105 

7 125 

8 103 

0 , 32 
0 82 
10 34 
10 87 
1 1 43 

12 02 
12 02 
13 20 

13 00 

1 4 58 

1 5 28 
10 01 
10 77 

17 55 

18 37 

10,20 
20 (18 
20 08 
21 01 

22 87 

23 87 

24 80 

25 00 
26. 61 

27 05 

28 18 


20 35 

30 50 

31 80 

33 08 

34 40 

35 75 
37. 15 
38 58 
40,07 
4 1 50 


CiaKe 

ll)/iu- 

p.l 


20.68* 

20 01 * 
20.52* 
20 40* 
20 20 * 
20.08* 


28 

28 

28 

27 

27 


87’ 
01 ♦ 
31 * 
04* 
51 * 


27 01* 

20 42* 
25 74* 
24 05* 
24 (15* 

23 01* 

21 84* 
20 50* 
10 (10* 
17.31* 

15 42* 
13 31* 

10 02 * 
0 01 * 
8 87* 
7 80* 
0 . 00 * 

5 45* 
4 . 23 * 
2.03* 
1 03 * 
0.24* 

0 58 

1 31 

2 (17 
2 . 85 
3.07 

4 50 

5 38 
0 28 
7 21 
8. 17 

0, 17 
10 . 10 
1 I 20 
11.81 

12 35 

13 48 


14 

15 
17 


05 

80 

10 


IS 38 
10 70 

Jl 05 

22 15 

23 88 
25 37 
20.80 


I'olutiie 


Den.sity 


Enthnlj>.v 
from — 4() F 


Entropy 
from —40 F 


Li<iui<i 

ftVIO 

rf 


0 00054 

O 00057 
0000 1 
00005 
00000 
00073 

0 00077 
00081 
00085 
00080 
00004 

0.00008 
01003 
01007 
01012 
01016 

O 01021 
01026 
01031 
01036 
.01041 

O 01047 
.01052 


0 


0 


0 


0106 

0106 

0106 

0106 

0107 

0107 

0107 

0107 

0108 
0108 

0108 
0108 
0108 
0100 
0 1 00 

0100 
0100 
0110 
01 10 
01 10 


0.0110 
01 10 
on I 
.0111 
(Mil 
01 I I 

0.01 12 
.0112 
.0112 
.0112 
.01 13 


O 


O 


01 13 
01 13 
01 13 
0114 
0114 


Vapor 

f(-vn> 


Tu 


l.i<pii(l 
1 /r/ 


232 20 Il04 86 0.0043051-24.61 84,61 6 O.OOI — 


170 70 
140.52 

no 02 

88 34 
70 04 

57 42 
46 84 
38 40 
3 1 , 84 
26 . 5 1 



0 . 058 
8,(i()8 
7 474 
0.51 Ol 
5.704 


104 46 

104.05 

1 03 . 64 
103 22 
1(*2 80 

102 38 
101 05 
Mil .52 
lO! .08 

100.64 

1 00 . 20 
00.75 
00 30 
08 85 
08 30 

07.02 
07 46 
06.00 
06 . 5 1 
06 , 04 


Vapor 

U./ft* 

l/rg 


Latent 
Btii/lb Btu/lb 


hf 




Vajjori 


0 . 005562 
.007117 
.0000161 
.01132 
.01410 

0 01742 
.02135 
. 02508 
.03141 
.03773 

0 . 04504 
. 05344 
.06305 
.07400 
. 08640 

0. 1004 
1 1 62 
1338 
. 1 535 
. 1753 


3.011 
3 727 
3 553 
3 . 380 
3 . 234 


04 , 58 
04 , 30 
04 20 
03 . 00 
03 . 70 


3 OSS 03 50 
2 0.5(1 03.30 
2.82(1 03 18 
2.608 02 08 
2 . 583 02 78 

2 474 02 58 
2,370 02 38 
2 271 02 18 
2.177 01 07 
2.088 01.77 


84 r 


. t 


00 03 
00 72 

00 . 52 
on 31 

00 u 

90.00 

80 88 
80 . 68 

80 45 
80 24 
80 03 
SS 81 
88 58 

88.37 
8S 13 
87 O I 
87 68 
87 4 : 


O 2557 
.2683 
.2815 
2051 
.3002 

0 3238 
3300 
3546 
. 3706 
3871 

0 4042 
4210 
. 4403 
.4.503 
. 4780 

0.4003 
. 5203 
5420 
. 5644 
. 5872 

O.GIOO 
.6352 
. 66(H1 
.6730 
. 6864 
. 7 1 20 

0 7402 
76S7 

.7081 
. S2SS 
. 8508 

0 8021 
.0251 
. 05SS 
-0030 

1 . 02s 


* Iiu-Iii\s i>f inereur\' belew one lit mospliere. 
t Staixiaul (on (eiiiperiit me. 
j Courtesy KiiieCie Clieiuieiils, Iiie. 


23 .50 84 . 07 
22 30 8:i 53 
21.20 ai O! 

20.10 82 40 

10.10 81.98 

18.02 81.48 
16 04 80 08 
15.85 80 48 
14.78 80.00 
13,71 70 52 


12 64 
I 1 581 
10.51 
O 46 
8.40 

7 35 
6 30 
5 25 
4 20 
3 15 


5.012 05.550.1005 - 
4 420 05,07 .2263 - 


70 04 
78 57 
78 10 
77 . 64 
77. 17 

76,71 
76 25 
75 70 
75 33 
74 87 


2 11 74.42 
1 06 73 07 


0.0 

0 401 
0 81 
1.21 

1 62 


73 50 
73 34 
73 17 
73 01 
72.84 


2 03 72 67 
2 44 72-50 

2 85 72 33 

3 25 72 16 
3 66 71.08 


4 07 
4 48' 

4 80 

5 301 

5 72 

6 14 

6 57 
6 00 

7 41 

7 . at 

8.251 

8 67 
0 10 | 
9.32 
0 , 53 
0 06 

1 0 30 
1 0 82 
1 1 . 26 

1 1 70 
12 . 12 

12.551 
1 3 00 
13 44 

13 S8 

14 32 


60 . 57 
61 14 
61 . 72' 
62.30 
62.88 

63 46 

64 04 
64 63 
65.22 
65.81 

66.40 
66 . 00 
67 . 50 
68 IS 
68.77 

60 36 
60 05 

70 54 

71 13 
71.72 

72 31 

72 01 

73 50 

73 74 
73.08 

74 22 
74.46 


71,80 
71,63 
71 45 
71.27 
71,00 

70 01 
70.72 
70 53 
70.34 
70. 15 

60 06 
60 77 
60 57 
69.47 
60 37 
60. 17 

68 07 
68 77 
68.56 
68 35 
68 1 5 

67 04 
67 7 
67 51 
67 20 
67 . 07 


Liquid 
Btu/lb F 

6 / 

Vapor 
Btu/lb F 

•9 

- 0 . 0686 

0.2092 

-0.0650 

0 . 2065 

- .0615 

.2040 

- .0580 

.2017 

- .0546 

.1995 

- .0512 

. 1975 

-0.0480 

0.1955 

- .0448 

.1937 

— .0416 

.1919 

- .0385 

.1903 

- .0355 

.1888 

-0.0325 

0.1873 

- .0205 

.1860 


.1847 


.1835 

EHaa 

.1823 

-0.0182 

0.1813 

- .0155 

.1802 

- .0128 

.1793 

- .0102 

. 1783 

- .0076 

.1774 

- 0 . 0050 

0.1767 

- .0025 

. 1759 


75.87 
76 1 1 
76 34 
76 57 

76 81 

77.05 

77 . 20 

77 52 

77 75 

77.0 

78.21 

78 441 
78 67 
78.79 

78.00 
70 13 

70.36 
70 50 
70 . 82 
80 . 05l 
80.27 

80,40 

80.72 

80 . 05 
81 . 17 
81 .301 


0.0 
0.000041 
.00188 
. 00282 
.00376 

0.00471 

.00565 

.00650 

.00753 

.00846 

0.00040 

.01033 

.01126 

.01218 

.01310 


0.17517 
. 17400 
.17463 
. 17438 
.174R 

0. 1738? 
.17364 
. 17340 
.17317 
.17206 

0.17275 

.17253 

.17232 

.17212 

.17104 


0.01403 0.17175 
.01406 .17158 

.01580 .17140 

.01682 .17123 

.01775 .17107 

0.01S60 0.17091 
.01061 .17075 


.02052 

.080971 

.02143 

.02235! 


.17060 

.17058 

.17045 

.17030 


0.02328 0.17015 
.02410 .17001 

.02510 .16987 

.02601 .16974 

.02602 .16961 


0.62783 
.02873 
. 02063 
.03053 
.03143 


0.16040 
.16938 
, 16926 
.16913 
.16900 
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TABLE A.6— DICHLORODIFLUOHOMETHANE (FREON-12) 

Properties of Liquid and Saturated Vapor (Cont.) 


Temp. 


F 

/ 


30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

60 

52 

54 

56 

58 

60 

62 

64 

66 

68 

70 

72 

74 

76 

78 

80 

82 

84 

86t 

88 

90 

92 

94 

96 

98 

100 

102 

104 

106 

108 

110 

112 

114 

116 

118 

120 

122 

124 

126 

128 

130 

132 

134 

136 

138 

140 


Pressure 

Abs. 

Gage 

Ib/in* 

lb/in2 

V 

Vd 

43.16 

28.46 

44.77 

30.07 

46.42 

31.72 

48. 13 

33.43 

49.88 

35.18 

51.68 

36 98 

53 51 

38.81 

55.40 

40.70 

57.35 

42.65 

59.35 

44.65 

61.39 

46.69 

63 49 

48.79 

65 63 

50 . 93 

67.84 

53.14 

70. 10 

55.40 

72.41 

57.71 

74.77 

60.07 

77.20 

62.50 

79,67 

64.97 

82.24 

67.54 

84.82 

70.12 

87.50 

72.80 

90.20 

75 50 

93.00 

78.30 

95.85 

81.15 

98.76 

84.06 


87.00 


90. 1 

107.9 

93.2 

lll.l 

96.4 

114.3 

99.6 

117.7 

103.0 

121.0 

106.3 

124.5 

109.8 

128.0 

113.3 

131.6 

116.9 

135.3 

120.6 

139.0 

124.3 

142.8 

128.1 

146.8 

132.1 

150.7 

136.0 

154.8 

140.1 

158.9 

144.2 

163.1 

148.4 

167.4 

152.7 

171.8 

157.1 

176.2 

161.5 

180.8 

166.1 

185.4 

170.7 

190.1 

175.4 

194.9 

180.2 

199.8 

185.1 

204.8 

190.1 

209.9 

195.2 

215.0 

200.3 

220.2 

205.5 


Volume 


Density 


Erithal|)y 
from — 40 F 


Entropy 
from -40 F 


Liquid 

ftVIb 

»/ 


0.0115 
.0115 
.0115 
.0116 
.0116 

0.0116 
.0116 
.0117 
.0117 
.0117 

0.0118 
.0118 
.0118 
.0119 
.0119 

D.0119 
.0120 
.0120 
.0120 
.0121 

:).oi2i 
.0121 
0122 
.0122 
.0123 

0.0123 
.0123 
.0124 
.0124 
.0124 

0.0125 
.0125 
.0126 
.0126 
.0126 

0.0127 
.0127 
.0X28 
.0128 
.0129 


.0130 

.0130 

.0131 

.0131 


.0132 

.0133 

.0133 

.0134 


.0135 
.0135 
.0136 
.0137 

0.0138 


Vapor 

ftVlb 

Vo 


0.939 

.908 

.877 

.848 

.819 

0.792 

.767 

.742 

.718 

.695 

0.673 

.652 

.632 

.612 

.593 

0.575 

.557 

.540 

.524 

.508 

0.493 

.479 

.464 

.451 

.438 

0.425 

.413 

.401 

.389 

.378 

0.368 

.357 

.347 

.338 

.328 

0.319 

.310 

.302 

.293 

.285 

0.277 

.269 

.262 

.254 

.247 

0.240 

.233 

.227 

.220 

.214 

0.208 

.202 

.196 

.191 

.185 


Licpiid 

Ib/ftJ 

l/Vf 


87.24 

87.02 

86.78 
86.55 

86.33 

86.10 
85.88 
85 66 
85.43 
85.19 

84,94 

84.71 
84.50 
84.28 
84.04 

83.78 
83 . 57 

83.34 

83. 10 
82.86 

82.60 

82.37 
82.12 

81.87 
81.62 

81.39 
81.12 

80.87 
80.63 

80.37 

80.11 
79.86 

79.60 

79.32 
79.06 

78.80 
78.54 
78.27 
78.00 
77.73 

77.46 
77.18 
76 89 

76.60 

76.32 

76.02 

75.72 

75.40 

75. 10 

74.78 

74.46 
74.13 

73.81 

73.46 

73.10 


0.180 72.73 


Vapor 

Ib/fts 

1/Vo 


1.065 
1 . 102 
1 140 
1 . 180 
1.221 

1 . 263 
1.304 
1.349 
1.393 
1.438 

1 . 485 
1.534 

1 583 
1 . 633 
1.686 

1.740 

1.795 

1.851 

1.909 

1.968 

2.028 

2.090 

2.153 

2.218 

2.284 

2.353 

2.423 

2.495 

2.569 

2.645 

2 721 
2.799 
2.880 
2.963 

3.048 

3.135 

3.224 

3 316 
3.411 
3.509 

3.610 
3.714 
3.823 
3 934 

4.049 

4.167 

4.288 

4.413 

4.541 

4.673 

4.808 

4.948 

5.094 

5.247 

5.405 


Liquid 

Btu/lh 

hf 


14.76 
15.21 
15.65 
16. 10 
16.55 

17.00 
17.46 
17.91 
1 8 36 
18.82 

19.27 

19.72 
20.18 

20.64 
21.11 

21.57 

22.03 

22.49 

22.95 

23.42 

23.90 
24 37 

24 84 

25 32 
25.80 

26.28 
26.76 
27.24 

27.72 
28.21 

28.70 

29.19 

29.68 

30. 18 
30.67 

31.16 

31.65 

32.15 

32.65 

33.15 

33.65 

34.15 

34.65 

35.15 

35.65 

36.16 

36.66 

37.16 

37.67 

38. 18 

38.69 

39.19 

39.70 
40.21 

40.72 


Latent 

Btu/lb 

hfa 


5.671 41.24 


66.85 
66.62 
66.40 
66.17 

65.94 

65.71 
65 47 

65.24 
65.00 
64.74 

64.51 
64.27 
64 02 

63.77 

63.51 

63.25 

62 . 99 

62.73 
62.47 
62.20 

61.92 

61.65 
61.38 
61 . 10 
60.81 

60.52 

60.23 

59.94 

59.66 

59.35 

59.04 

58.73 

58 . 42 
58.10 

57.78 

57.46 
57.14 
56.80 

56.46 
56.12 

55.78 

55.43 
55.08 

54.72 

54.36 

53.99 
53 62 

53.24 

52.85 

52.46 

52.07 

51.67 

51.26 

50.85 

50.43 

50.00 


81.61 

81.83 

82,05 

82.27 
82.49 

82.71 

82.93 

83.15 

83.36 

83.57 

83 . 78 

83.99 
84 20 

84.41 

84.62 

84.82 

85.02 

85.22 

85.42 

85.62 

85.82 

86.02 

86.22 
86 42 
86.61 

86.80 

86.99 
87.18 

87.37 
87.56 

87.74 

87.92 

88.10 

88.28 
88.45 

88.62 

88.79 
88.95 
89.11 

89.27 

89.43 

89.58 
89.73 
89.87 
90.01 

90.15 

90.28 
90.40 
90.52 
90.64 


90.96 

91.06 

91.15 


Liquid 
Btu/lb F 

Vapor 
' Btu/lh F 

0.03233 

0.16887 

.03323 

. 16876 

.03413 

. 16865 

.03502 

. 16854 

.03591 

. 16843 

0 . 03680 

0.16833 

. 03770 

.16823 

. 03859 

.16813 

. 03948 

. 16803 

.04037 

. 16794 

0.04126 

0.16785 

.04215 

. 16776 

. 04304 

. 16767 

.04392 

. 16758 

.04480 

. 16749 

0.04568 

0.16741 

.04657 

. 16733 

.04745 

. 16725 

.04833 

. 16717 

.04921 

.16709 

0.05009 

0.16701 

.05097 

. 16693 

.05185 

. 16685 

.05272 

. 16677 

.05359 

. 16669 

0.05446 

0.16662 

. 05534 

. 16655 

.05621 

. 16648 

.06708 

.16640 

. 05795 

.16632 

0.05882 

0.16624 

.05969 

. 16616 

. 06056 

. .16608 

.06143 

.16600 

. 06230 

. 16592 

0.06316 

0.16584 

. 06403 

.16576 

.06490 

. 16568 

. 06577 

. 16560 

. 06663 

.16551 

0.06749 

0.16542 

.06836 

. 16533 

.06922 

. 16524 

. 07008 

.16515 

. 07094 

.16505 

0.07180 

0.16495 

.07266 

. 16484 

.07352 

.16473 

.07437 

.16462 

.07522 

. 16450 

) . 07607 

0.16438 

.07691 

.16425 

. 07775 

.16411 

. 07858 

.16396 

. 07941 

. 16380 

) . 08024 ( 

0.16363 


t Standard ton temperature. 
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Temp. 


176 8 
173 2 
166 6 
166 0 
162.4 

1.'58 8 
1 55 2 
151 6 
148.0 
144 4 

140 8 
137 2 
133 6 
1 .30 0 
126 4 

122 8 
no 2 

115 6 
112 0 
108 4 

104 8 
101 2 

07 . 6 
04 0 
00 4 

86 8 

83.2 
70 6 
76 0 

72.4 

68 8 
65 2 
61 6 

58.0 

54.4 

50.8 

47.2 

43.6 

40.0 

36.4 

32 . 8 

20.2 

25.8 
- 22,0 

- 18 4 

■ 14 8 
■112 

- 7.6 

- 4 0 

- 0.4 

h 3 2 
OS 
10 4 
14 0 

17.0 

21.2 

24 S 

25 4 
32 0 
35 6 


TABLE A.8— ETHYLENE 

Propbrtie^^ of LiqI'Ii> ani> Saturated VAPORf 


Pro'isure 


Ahs. (lUKc 
Ih/inJ 1h/in* 
!' P'l 


6 75 

7 72 

8 801*12.01 
10 00 


* 7.02 


3 


1 6 22 


8 

20.36 

22 . 65 
25 17 


:in 

86 

34 

06 

37 

50 

41 

10 

45 

16 

40 

4f1 

53 

03 

58 

76 

63 

00 

60 

37 

75 

17 

81 

32 


.8 


* 0,52 
1 52 
3 47 
5 66 

7 0.5 
10 47 
13 21 
16 16 
10 36 


26 

40 

30 

46 

34 

7(1 

30 

23 

44 

06 

40 

. 2(1 


80 06 




223 . 2 

236 6 1221 0 
250 5 


nO 5 


28 

206 0 28 

312 2 207.5 
320 3 


365 5 


104 4 1380 7 


332 

1 

3.50 

8 


5 1 5 

0 

500 

3 

.540 

t 

525 . 

7 

.5.rti 

7 

.55 1 

0 

.503 

3 

578 

6 

610 

8 

606 

1 

640 

5 

63.5 

1 

678 

0 

661 

3 

710 

.3 

60.5 

.6 

1731 

8 

717 

1 


Volume 


Den.'sity 


Vapor Lifiuiii 

ffvn* n»/ft> 

To J/rf 



0 

061 

0 

060 

0. 

070 

0 

000 

0 

. 103 

0 

116 



35 51 


0 148 


34 78 
34 60 



32 28 

32 

07 

31 

86 

31 

64 

31 

42 

31 

. 20 

30 

.08 


0 

245 

O 

26t» 

0 

205 

0 

322 

o 

351 

0 

382 

0 

416 

0 

452 

0 

.400 

0 

.530 

0 

573 

0 

617 

0 

063 


0 000 


0 035 
O 8S5 
0 . 826 


0.730 
0 . 6S5 
O 64.5 
0 606 


30 . 54 
30 31 


I 460 


>0 . 1 0 


0 5351 28 32 
0 503 


1 865 
1 085 


0 

•Ml 

0. 

418 

0 

302 

0 

368 

0 

345 

{} 

323 


27. 

18 

26 

87 

26 

56 

26 

24 

25 

‘02 


5 68 

6 15 

6 70 

7 30 


Kutliolpy 
from —40 !• 


Vapor ! 
Btu/U> : 
hn 


Latent 

Btu/n> 

hfg 


Entropy 
from — 40 F 


Liiiuid Vapor 
Btu/lb F Bt»i/lb !• 


0 

1.8 
3 5 
5 3 


9.0 
10.8 
12 6 
14 5 
16 4 

18 3 

20.2 
•>•> •> 


213.0 

213 0 

214 5 

212.7 

215 1 

211,6 

215.8 

210.5 

216.3 

200.2 





4 4 

SO 4 
SiLO 

85 7 
88 4 
01 . 1 
03 0 
06 . 8 

00 6 
102 7 
1 05 7 
108 8 
112.0 

115.2 
118 7 
122 3 
1 26 , 0 
130 

134 

138 

142 

147 

152 

158 

166 

177 

104 


216 9 
217.5 
218. 1 
218 7 
210 2 

210.0 
220 6 
221.2 
221 8 


223 1 

223 8 

224 6 

225 3 
226 . 0 

226 7 


228 0 
228 7 
220 4 

230 1 

230 8 

231 5 

232 I 
232 0 

>33 5 
234 3 

234 0 

235 5 

235 8 

236 I 
236 4 

236 7 

237 0 
237 3 


206 

4 

205 

5 

204 

2 

202 

8 

201 

6 

200 

4 

100 

0 


101 1 


177 8 


237 4 
237 4 
237 4 
237 2 

236 8 
236 4 
235 0 
235 3 
234 . 8 

234 . 2 
233 6 
233 . 0 
232.4 
232 

230 

220 


1 56 6 


1 40 0 
1 46 3 
1 43 5 


133 7 


114 0 

no 6 

5 

101.0 



218 

211 

104 


63 6 
52 0 
34 5 
0 


»/ 


0 000 
0.006 
0 012 
0 018 
0.024 

0 030 
0 036 
0 042 
0 048 
0.054 

0 060 
0 066 
0 072 
0 078 
0.084 

0.000 
0 006 
0 102 
0 108 
0.114 



0.137 

0.143 

0.140 
0.155 
0 161 
0 166 
0.172 

0.178 

0.184 

0,100 

0.196 

0.202 

0 208 
0 214 
0 220 
0 , 226 
0 . 232 

0 >38 
0 244 
0 250 
0 256 
0,263 

0.260 ' 
0 275 
0 282 
0 28S 
0 205 

0 301 
0 308 
0.316 
0 . 323 
0.331 

0.330 
0.348 
0 357 
0 367 
0 377 

0.380 
0 404 
0 420 
0 460 


Sg 


0.756 
0 749 
0.742 
0.735 
0.728 

0,722 

0.716 

0.710 

0.704 

0.698 

0,693 
0 688 
0.683 
0.678 
0 673 

0 669 
0 665 
0.661 
0 658 
0.654 

0 650 
0.647 
0 643 
0 640 
0,637 

0.634 
0 631 
0 628 
0 626 
0.623 

0 621 
0.618 
0.616 
0 613 
0.610 

0 608 
0 605 
0 602 
0 599 
0.596 

0.594 
0 590 
0,587 

0 V5S4 
0.581 


0.566 

0.562 

0.558 
0 555 
0 551 
0 548 
0.545 

0 541 
0 537 
0 533 
0 529 
0 . 523 

0 520 
0 608 
0 . 494 
0 460 


* Inches of mereur.v below one atmosphere, 
t Courtesy Limlc Air Products Co. 
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TABLE A.9 

Properties of Dry Saturated Steam* 


Temp., 

F 


t 


32 

36 

40 

46 

60 

60 

70 

80 

90 

100 

110 

120 

130 

140 

160 

160 

170 

180 

190 

200 

210 

212 

220 

230 

240 

260 

260 

270 

280 

290 

300 

310 

320 

330 

340 

360 

360 

370 

380 

390 

400 

410 

420 

430 

440 

460 

460 

470 

480 

490 

500 

520 

640 

660 

580 

600 

620 

640 

660 

680 

700 

706.4 


Abs 
Press., 
Lb Sq In. 


0 . 08854 
0,09995 
0.12170 
0.14752 
0.17811 

0.2563 
0.3631 
0.5069 
0 . 6982 
0.9492 

1 . 2748 
1.6924 
2.2225 
2 . 8886 
3.718 

4.741 

5.992 

7.510 

9.339 

11.526 

14.123 

14.696 

17.186 

20.780 

24.969 

29.825 
35.429 
41.858 
49.203 
57 . 556 

67.013 

77.68 

89.66 

103.06 
118.01 

134.63 

153.04 

173.37 
195.77 

220.37 

247.31 

276.75 

308.83 

343.72 

381.59 

422.6 
466.9 

514.7 
566.1 

621.4 

680.8 

812.4 

962.5 

1133.1 

1325.8 

1542.9 

1786.6 

2059.7 
2365.4 

2708.1 

3093 . 7 

3206 . 2 


Specific Volume 


Enthalpy 


Entropy 


Sat. 

Liquid 

V/ 


0.01602 

0.01602 

0.01602 

0.01602 

0.01603 

0.01604 

0.01606 

0.01608 

0.01610 

0.01613 

0.C1617 

0.01620 

0.01625 

0.01629 

0.01634 

0.01639 

0.01645 

0.01651 

0.01657 

0.01663 

0.01670 

0.01672 

0.01677 

0.01684 

0.01692 

0.01700 

0.01709 

0.01717 

0.01726 

0.01735 

0.01745 

0.01755 

0.01765 

0.01776 

0.01787 

0.01799 

0.01811 

0.01823 

0.01836 

0.01850 

0.01864 

0.01878 

0.01894 

0.01910 

0.01926 

0.0194 
0.0196 
0.0198 
0 . 0200 
0.0202 

0.0204 

0.0209 

0.0215 

0.0221 

0.0228 

0.0236 
0 . 0247 
0 . 0260 
0 . 0278 
0 . 0305 

0 . 0369 
0.0503 


Evap, 

V/g 


3306 

2947 

2444 

2036.4 

1703.2 

1206.6 

867.8 

633.1 

468.0 

350.3 

265.3 
203 . 25 
157.32 
122.99 

97.06 

77.27 

62.04 

50.21 

40.94 

33.62 

27.80 

26.78 

23.13 

19.365 

16.306 

13.804 

11.746 

10.044 

8.628 

7.444 

6.449 

5.609 

4.896 

4.289 

3.770 

3.324 

2.939 

2.606 

2.317 

2.0651 

1.8447 
1.6512 
1.4811 
1.3308 
1 . 1979 

1 . 0799 
0.9748 
0.8811 
0.7972 
0.7221 

0.6545 
0.5385 
0 . 4434 
0.3647 
0.2989 

0.2432 
0.1955 
0.1538 
0 . 1 165 
0.0810 

0 . 0392 
0 


Sat. 

Vapor 


Sat. 

Liquid 

hf 


3306 
2947 
2444 
2036.4 
1703.2 

1206.7 
867.9 
633 , 1 

468.0 
350 4 

265.4 
203 . 27 
157.34 

123.01 
97.07 

77.29 
62 . 06 
50.23 
40.96 
33.64 

27.82 
26.80 
23.15 
19.382 
16.323 

13.821 
11.763 
10.061 
8.645 
7.461 

6.466 
5.626 
4.914 
4.307 
3.788 

3.342 
2.957 
2.625 
2.335 
2.08361 

1 . 8633 
1 . 6700 
1 . 5000 
1 . 3499 
1.2171 

1 . 0993 
0.9944 
0 . 9009 
0.8172 
0.7423 

0.67491 
0 . 5594 
0.4649 
0.38681 
0.3217 

0.26681 

0.2201 

0.17981 

0.1442 

0.1115 

0.0761 
0 . 0503 


0.00 

3.02 

8.05 

13.06 

18.07 

28.06 

38.04 

48.02 

57.99 

67.97 

77.94 

87.92 

97.90 

107.89 

117.89 

127.89 

137.90 

147.92 
157.95 
167.99 

178.05 

180.07 

188.13 
198.23 
208.34 

216.48 

228.64 

238.84 

249 . 06 
259.31 

269.59 

279.92 
290.28 
300.68 

311.13 

321.63 
332. 18 

342.79 
353.45 
364.17 

374 . 97 
385.83 
396.77 

407 . 79 

418.90 

430.1 

441.4 

452.8 

464.4 

476.0 

487.8 

511.9 

536.6 

562.2 

588.9 

617.0 

646.7 

678.6 

714.2 

757.3 

823.3 

902.7 


Evap. 

hfg 


1C75.8 

1074.1 

1071.3 

1068.4 

1065.6 

1059.9 
1054 3 

1048.6 

1042.9 

1037.2 

1031.6 
1 025 . 8 
1020.0 

1014. 1 

1008.2 

1002,3 

996.3 

990.2 

984.1 
977.9 

971.6 

970.3 

965.2 
958.8 

952.2 

945.5 

938.7 

931.8 
924.7 

917.5 

910. 1 

902.6 

894.9 

887.0 

879.0 


870.7 
862.2 

853.5 

844.6 
835.4 

826.0 

816.3 

806.3 

796.0 

785.4 

774.5 

763.2 

751.5 

739.4 

726.8 

713.9 

686.4 

656.6 

624.2 

588.4 

548.5 

503.6 

452.0 

390.2 

309.9 

172.1 
0 


Sat. 
Vapor 

hg 


1088.01 
1092. 

1096.6 

1100.9 

1105.2 

1109.5 

1113.7 

1117.9 
1122.0 
1126.1 

1130.2 

1134.2 
1138. 1 
1)42.0 

1145.9 


1179.7 
1182 5 

1185.2 

1187.7 

1190.1 

1192.3 

1194.4 

1196.3 

1198.1 

1199.6 

1201.0 
1 202 . 1 

1203.1 

1203.8 

1204.3 

1204.6 

1204.6 

1204.3 

1203.7 

1202.8 

1201.7 

1198.2 

1193.2 

1186.4 

1177.3 

1165.5 

1150.3 

1130.5 

1104.4 
1067.2 

995 4 
902.71 


Sat. 

Liquid 

5/ 

Evap. 

9fo 

Sat. 

Vapor 

8q 

0 . oooo 

1 2.1877 

' 2.1877 

0.0061 

2. 170S 

1 2.1770 

0 0162 

: 2.143S 

1 2.1597 

0 . 0262 

2.1167 

2.1429 

0.0361 

2 . 0903 

: 2.1264 

0 . 0555 

2.0393 

: 2 0948 

0.0745 

1 . 9902 

2.0647 

0 . 0932 

1.9428 

2 . 0360 

0.1115 

1 . 8972 

2 0087 

0.1295 

1.8531 

1 9826 

0.1471 

1.81C6 

1.9577 

0.1645 

1 . 7694 

1 . 9339 

0. 1816 

1 , 7296 

1.9112 

0.1984 

1 .6910 

1 . 8894 

0.2149 

1 . 6537 

1 8685 

0.2311 

1.6174 

1 . 8485 

0.2472 

1.5822 

1 . 8293 

0.2630 

1.5480 

1.8109 

0.2785 

1.5147 

1 7932 

0.2938 

1.4824 

1.7762 

0.3090 

1 . 4508 

1.7598 

0.3120 

1 . 4446 

1.7566 

0.3239 

1.4201 

1.7440 

0.3387 

1.3901 

1.7288 

0.3531 

1 . 3609 

1.7140 

0.3675 

1.3323 

1 . 6998 

0.3817 

1.3043 

1.6860 

0 . 3958 

1 . 2769 

1.6727 

0 . 4096 

1.2501 

1 . 6597 

0.4234 

1.2238 

1 . 6472 

0.4369 

1 . 1980 

1 , 6350 

0 . 4504 

1.1727 

1,6231 

0.4637 

1.1478 

1.6115 

0.4769 

1.1233 

1 . 6002 

0.4900 

1.0992 

1.5891 

0 , 5029 

1.0754 

1 . 5783 

0.5158 

1.0519 

1 . 5677 

0.5286 

1.0287 

1 . 5573 

0.5413 

1 . 0059 

1.5471 

0.5539 

0 . 9832 

1.5371 

0.5664 

0.9608 

1 5272 

0.5788 

0.9386 

1.5174 

0.5912 

0.9166 

1 5078 

0.6035 

0.8947 

1.4982 

0.6158 

0.8730 

1 . 4887 

0.6280 

0.8513 

1.4793 

0.6402 

0.8298 

1.4700 

0.6523 

0 . 8083 

1.4606 

0.6645 

0.7868 

1.4513 

C.6766 

0.7653 

1.4419 

0 . 6887 

0.7438 

1.4325 

0.7130 

0.7006 

1.4136 

0.7374 

0.6568 

1.3942 

0.7621 

0.6121 

1 . 3742 

0 . 7872 

0 . 5659 

1.3532 

0.8131 

0.5176 

1.3307 

0.8398 

0.4664 

1.3062 

0.8679 

0.4110 

1 . 2789 

0 . 8987 

0.3485 

1 . 2472 

0.9351 

0.2719 

1.2071 

0 . 9905 

0.1484 

1.1389 

1.0580 

0 

1 . 0580 


acted, by permission, from Thermodynamic 
•tioyes, published by John Wiley & Sons, Inc. 


Properties of Steam, by J. H. Keenan and F. G. 
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APPENDIX 



< 

CjO 

CO 

a 

CO 

h 

< 

a 

X 

« 

(0 

a. 


cc CO 


< 


Cb 


H O 


c/) 

(0 

p 

CO 

0* 

o 

tf 

a. 




1600 

1227 0 

1 857 5 

2 6187 

245 4 
1857 4 

2 . 4363 

1 22 69 
1857.3 

2 . 3598 


61.34 

1857.2 

2.2834 

30,66 

1857-0 

2 . 2069 

20.44 

1 856 . 7 
2.1621 

15.325 

1856.5 

2.1303 

XC4 X 

X -X 

c^xo 

' X 

X • 

^ 


8.752 

1855,7 

2.0683 

1400 

1107 8 
1745 7 
2.5566 

221.6 

1745.7 

2 . 3792 

110 77 
1745 6 
2.3028 

75.37 1 
1745 5 
2.2603 

55.37 
1745 4 
2.2263 

27.68 
1745. 1 
2.1498 ; 

18.446 
1744.8 1 
2.1049 

13 830 
1744.5 
2.0731 

11.060 

1744.2 

2 . 0484 

9.214 
1743 9 
2,0281 

7,895 

1743.5 

2.0110 


»c 

Xt-^D^- 
X CO ^ 

Ci CD • 

197.71 
1637 7 

2 3178 

XX 

X 

OOC^C^ 

Ci <o ■ 
•— C4 

X X o 
C4 X 

o 

h-X — 
X X 

X 

^ 

• X 
O X ^ 
^ X • 

24.69 ' 
1637.0 

2 . 0883 

16.451 
1636.6 ' 
2.0434 

12.332 

1636.2 

2.0115 

9 860 
1635.7 

1 , 9867 

8.212 

1635.3 

1 . 9064 

7.035 

1634.9 

1 . 9493 

1 

I 1100 

929 1 
1585 2 
2.4625 

185 79 
1585 1 
2.2851 

92.88 

1585.0 

2 . 2086 

63.19 
1584 8 
2.1662 

1 

46.42 
1584 7 
2.1321 

23.20 
1584 3 
2.0555 

15.453 

1583.8 

2.0106 

11.582 

1583.4 

1.9787 

1 

9.259 
1582 9 
1.9538 

7.710 

1682.4 

1 . 9335 

6.604 
1681 9 
1.9163 

1 

O 

C 

869 5 
1533 5 
2.4283 

173 87 
1533 4 
2.2509 

86 92 
1533 2 
2.1744 

59 13 
1533.1 
2.1319 

43 44 
1533.0 
2.0978 

21.70 1 
1 532 . 4 
2.0212 

14 454 
1531 9 
1.9762 

10 830 
1531 3 
1.9442 

8.656 

1530.8 

1.9193 

7.207 

1630,2 

1 . 8990 

0 172 
1529.7 
1.8817 

900 

809.9 1 
1482 7 
2.3923 

161.95 ’ 
1482 6 
2.2148 

80.95 
1482.4 ' 

2.1383 ' 

1 

55 07 ' 
1482.3 

2.0958 . 

1 

40 45 1 
1482.1 I 
2.0618 

20,20 
1481 4 

1 , 9850 

13 452 
1480 8 

1 . 9400 

10.077 
1480 1 

; 1.9079 

1 

8 052 
1479.5 
: 1.8829 

6.702 

1478.8 

1.8625 

5.738 

1478,2 

1.8451 

800 

750.4 
1432 8 
2.3542 

150.03 

1432.7 

2.1767 

74.98 
1432 5 
2.1002 

51.00 
1432 3 
2.0576 

37.46 
1432 1 

2 . 0235 

04 X 

O 'X 
— ^ 
X Ca 
X^ • 

' 12.449 

1 1430,5 

1 1.9015 

1 

r- ^ 

• o 
X Di X 
• 00 
• 

7 446 
1428.9 
1.8443 

6,196 

1428.1 

1 . 8237 

5.301 

1427.3 

1.8063 

700 

690.8 1 
1383 8 
2.3137 

138 10 
1383 6 
2.1361 

o ^ 

•XX 
C^co X 
XX • 

46.94 

1383.2 

2.0170 

34.47 
1382 9 
1.9829 

X cax 
O -X 

r^x ^ 

11.441 
1380 9 
1.8605 

8 562 
1379 9 
1.8281 

6 835 
1378.9 
1.8029 

5.683 

1377.8 

1 . 7822 

4.861 
1376 8 
1.7645 

600 

631.2 

1335.7 

2 . 2702 

126.16 

1 335 . 4 

2 . 0927 

63.03 

1335,1 

2.0160 

42.86 
1334 8 

1 . 9734 

31.47 
1334 4 

1 . 9392 

15 688 
1333 1 
: 1.8619 

10.427 
1331 8 
1.8162 

7 . 797 
1330.5 
1.7836 

6.218 

1329.1 

1.7581 

6.165 

1327.7 

1.7370 

4.413 
1326 4 
1.7190 

500 

XfC CO 
PO 

^ X cs 
h*X 

114.22 
1288 0 
2.0456 

57.05 
1287 5 

1 . 9689 

38.78 
1287 1 ' 
1.9261 

28.46 
1286 6 
1.8918 

14 168 
1284.8 
1.8140 

9 403 
1283 0 

1 . 7678 

7,020 
1281 1 
1.7346 

5.589 

1279,1 

1.7085 

XM 

X • X 

xr^x 
• t^x 

O XX 
•t^x 
XC^ ' 

400 

512 0 
1241 7 
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TABLE A. 11 

Sodium Chloride Solutions* 

Enthalpy (E^tu prr lb from 32 E. wliorc* it is 200 minus heat of solution) 


Sp. 

(ir. 
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1.16 
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I>!> NaCn 
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Ib soln 
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point, 
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* From 
Engineers, 10 
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*3, 

'/t nitim/ 
p. lOG.' 
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TABLE A.12 

Calcium Chloride Solutions* 

Enthalpy (Btu per lb from 32 F, where it is 200 minus heat of solution) 


Sp. Gr. 

1.08 

1.12 

1.16 

1.20 

1.25 

1.28 

Lb CaCL per ; 

100 lb 







solution 


9.2 

13.5 

17.6 

21 .5 

25.1 

28.7 

Freezing point, F 

23.2 

16.5 

7.0 

-5.8 

-21.5 

-44.3 

Lb solution per gal, 







60 F 
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9.35 

9.68 

10.01 

10.35 

10.68 

/, F 








“65 

72. 

41.14 

54.70 

67.69 

80.22 
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-60 

"o 

Ul 
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69.54 

82 01 

94.02 

105.52 

-59.8 

43.15 

56.65 

69.61 

82.08 

94.08 

105.58 

-59.8 


60.60 

82.30 

103.13 

123.16 

142.43 

160.93 

-55 


63.34 

85.40 

106.57 

126.16 

146.52 

165.30 

-50 


66.25 

88.67 

110.23 

130.94 

150.87 

169.97 

-45 


69.31 

92.20 

114.18 

135.30 

155.64 

175.13 

-40 


72.57 

95.96 

118.44 

140.04 

160.82 

180.24 

“35 


76.01 

100.02 

123.08 

145.25 

166.58 

183.41 

“30 

TJ 

79.71 

104.43 

128.15 

150.96 

172.90 

186.59 

“25 

'o 

83.72 

109.24 

133.77 

157.34 

180.01 

189.77 

-20 

m 

c 

88.07 

114.63 

140.13 

164.64 

187.57 

192.95 

-15 

el 

93.01 

120.76 

147.41 

173.04 

190.87 

196.15 

-10 

*3 

98.64 

127.91 

156.04 

183.06 

194.19 

199.35 

- 5 

a" 

105.07 

136.36 

166.42 

192.45 

197.51 

202 . 55 

0 


112.60 

146.29 

178.67 

195.95 

200 . 84 

205 . 77 

5 


121.63 

158.44 

193.87 

199.45 

204.18 

208.99 

10 


133.07 

174.13 

198.38 

202.97 

207.53 

212.21 

15 


149.39 

197.04 

202.11 

206.49 

210.89 

215.45 

20 


176.58 

201.63 

205.86 

210.03 

214.27 

218.70 

25 


201.49 

205 63 

209 . 62 

213.58 

217.75 

221.94 

30 


205 . 79 

209.65 

213.38 

217.14 

221 .04 

225.20 

35 


210.12 

213.67 

217.15 

220 . 70 

224.44 

228 . 46 

40 


214.44 

217.70 

220 . 94 

224.28 

227 . 85 

231.74 

45 

■ 'V 

218.78 

221 74 

224 . 74 

227 . 87 

231.27 

235.02 

50 

S 

cr 

223.11 

225.79 

228 . 54 

231.47 

234 . 69 

238.31 









55 


227.46 

229.85 

232.35 

235 . 08 

238.13 

241.62 

60 


231.82 

233.91 

236.17 

238 . 70 

241.58 

244 . 93 

65 


236.18 

237.98 

240 . 00 

242.32 

245.03 

248.24 

70 


240 . 55 

242.07 

243.83 

245 . 95 

248 . 50 

251.57 

75 


244 . 92 

246.17 

247 . 67 

249.59 

251 .97 

254.86 


* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 

Engineers. 1943, p. 102. 
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TABLE A.13 


Viscosity of Freon Refrigerants, Centipoises* 
(Liquid at saturation pressure; vapor at 1 atin.)t 


'i'emp. F 

F-11 

C’C'UF 

1 

. 1 

F-12 

C’C’LFj 

F-22 

C’HClFj 

Lirpiid 

Vapor 

Lieplid 

Vapor 

Liquid 

Vapor 

-40 

.980 

.0088 

.423 


.351 


-20 

.801 

.0092 

.371 


.316 


0 

.677 

. 0095 

.335 


.291 

.0113 

20 : 

.580 

.0099 

.300 


.271 

.0118 

40 

.517 

' .0103 

.280 

.0120 

.250 

.0122 


.401 

.0100 

.209 

.0123 

.243 

.0126 


.417 

.0110 

.255 

.0126 

.232 



.380 

.0113 

.242 

.0120 

.223 

.0133 

120 

.349 

.0110 

.232 

.0130 

.214 

.0137 

140 

.323 

.0120 

.222 

.0135 

.207 

.0141 

100 

.300 

.0123 

.214 

.0138 

.201 

.0145 

180 

.281 

.0120 

.207 

.0140 

. 195 

.0148 


* From “The Viscosities of ‘Freon’ Refriperants,” by A. F. Benning and 
\V. II. Markwood, Hefrigeniiing Kngineering^ \'ol. 37, No. 4 (April, 1939), p. 243. 
t Effect of pressure eluuigos of less tlmii one atmosphere is negligible. 
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TABLE A. 14 

Conductivity of Insulating Materials* 
Btu(in.) per (hr)(sq ft)(F) 


Material 


Asbestos, packed 

Asbestos, loose 

Asbestos, paper, tliin layers organic binder. . . 

Asbestos mill board 

Asbestos wood 

Asphalt roofing (felt) 

Balsa 

Cement wood (sawdust and Portland Cement) 

Charcoal (hardwoods), coarse 

Cork board, typical 

Cork board, typical 

Cork board 

Cork, regranulated, coarse 

Cork, regranulated 

Cotton 

Diatomaceous earth 

Eel grass 

Glass wool, high grade 

Glass wool, high grade 

Glass wool, high grade 

Glass wool, commercial grade 

Hair felt, not compressed 

Insulation boards, fiber various 

Kapok, loosely packed 

Planer shavings, various woods 

Rock wool 

R^ck wool 

Rubber, expanded 

Sawdust, various woods 

Miscellaneous materials: 

Glass, window 

Gravel 


Gravel, peanut, 2.6 % water 


Ice 

Soil, clay, 14 % moisture 

Loosely packed 

Loaded 1 cwt. per sq. ft 

Loaded 1 ton per sq. ft 

Loam over sand and gravel, 3 ft. deep. Seasonal 

change due to variation of moisture content . . . . 
Snow 

Water 


Density 
lb per 
cu ft 

Mean 

temp., 

F 

Conduc- 

tivity 

k 

43.8 

32 

1.62 

29.3 

32 

1.07 

31.2 

86 

0.49 

60.5 

86 

0.84 

123.0 

86 

2.70 

55.0 

86 

0.70 

7.36 

86 

0.35 

44.6 

68 

0.97 

13.2 

90 

0.36 

8.3 

35 

0.27 

8.3 

60 

0.28 

6.7 

-22 

0.22 

8.1 

90 

0.31 

6.5 

77 

0.27 

5.06 

32 

0.39 

30.0 

30 

0.56 

9.4 

86 

0.31 

1.76 

85 

0.265 

3.61 

74 

0.237 

5.37 

75 

0.224 

2.49 

65 

0.26 

13.0 

90 

0.26 

15-21 

70 

0.32-0.38 

0.87 

84 

0.24 

8.7 

86 

0.40 

10.0 

90 

0.27 

14.0 

90 

0.28 

4.85 

72 

0.21 

12.0 

90 

0.41 



5 5 

115.0 

• 

68 

2.6 


68 

7.5 

57.5 

32 

15.6 

75 

68 

2.6 

80 

68 

4.9 

96 

68 

8.4 


• « 

7.8-10.7 

34.7 

• ♦ 

3.2 


60 

4.3 


* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 155. 
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TABLE A. 15 

Thermal ( 'onductivity of Huilding Materials* 

|)<‘r (hr)(.s<i ft)(P) 


Mjitorial 


Brirk, low donsity 

Brick, higli density 

C 'cim’iit mortar 

CVmont plaster, tyj>ieal 

Conorett', typical 

C-oiicretc, typical filxT pypsom, 87. "> ‘ ^ liyp.sHm, 12.5 ' ^ 

wood chips 

Sand and gravel 

laniostono 

( 'indcr 

(’inders, lioilcr to 4 in.) 

Stucco, typical 

rile or tcraz/.o, t opical 

\.sl)(‘sto 8 ImilditiK board 

(Jypsuin, b(*twccn layers of heavy paper 

Clypsum, plaster, typical 

Wood across Krain. typical 

Balsa 

Ib'dwood, ('alifornia, Kiri, moisture 

Eir, DoukIhs, l(i% moisture 

Maple, hard, 1 (> Tc- moist uri' 

Pine, yellow short leaf, Ui'T moisture . . 
l*in(>, yellow short leaf, l()‘t nmistur • 


Density 

% 

lb per 
cu ft 


51 .2 
142 
132 
97 
(>0 


123 
(>2 . 8 


S.S 

•>•> 

•w mm 

2tl 

40 

20 

3t» 


C’onduc 
tivitv 
k ' 


5.0 
9.2 

12.0 

12.0 

12.0 

1 .G6 
12.0 
10.8 

4.0 

1 .23 
12.0 

12.0 
2.7 
1.41 
3.30 
1.00 
0.38 
0.74 
0.76 
1.15 
0.84 
1.04 


* From /fifn't/cniliny Dalti Hook, 5th eil. American Society of UcfriirenUimr 
10nj;ineers, 1943, p. 150. 


APPENDIX 


481 


TABLE A. 16 

Conductance of Building Materials and Constructions* 
Btu per (l»r)(s(i ft)(F) for thickness indicated 


Density Mean (.'onduct- 

Material lb per temp., ance 

cu ft F C 


Plasterboard, I in. thick ... 3.73 

Plasterboard, -J- in. tliick ... . . 2.82 

Roofs: 

Asphalt, composition or prepared roofing 70 75 6.50 

Shingles, asbestos 65 75 6.00 

Shingles, asphalt 70 75 6.50 

Shingles, slate 201 10.4 

Metal lath and plaster, total thickness * in ... 4.40 

Wood lath and plaster, total thickness J in ... 70 2.50 

Fir sheathing, 1-in. and building paper ... 30 0.86 

Fir sheathing, 1-in. building paper and yellow pine 

lap siding 20 0.50 

Fir sheathing, 1-in. building paper and stucco ... 20 0.82 

Air spaces over | in. faced ordinary building materials. ... 40 1.10 

Typical hollow clay tile, 4 in ... . . 1 .00 

Typical hollow clay tile, 6 in ... . . 0.64 

Typical hollow clay tile, 8 in ... . . 0.60 

Typical hollow clay tile, 10 in ... 0.58 

Typical hollow clay tile, 12 in ... . . 0.40 

Typical hollow clay tile, 16 in ... . . 0.31 

Concrete block, sand and gravel, typical, 8 in ... . . 1.00 

Concrete block, sand and gravel, t 5 'pical, 12 in ... . . 0.80 

Concrete block, cinder aggregate, typical, 8 in ... 0.60 

Concrete block, cinder aggregate, typical, 12 in ... 0.53 

Surface coefficient, inside ... . . 1.65 

Surface coefficient, outside fo, 15 m.p.h. wind ... 6.00 


* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 156. 
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TABLE A.17 

Thermodynamic Properties of \Vatp:r at Saturation* 


Fahr. 

Absolute 

Specific Volume, cu ft per lb 

Enthalpy, Btu per lb 







1 omp. 

(F) 

X rcssurc 

In. Hg 

Sat. Solid 

Sat. Vapor 

Sat. Solid 

Sat. Vapor 


P" 

Pi 

IV 

hi 

ho 

-160 

1.008/10^ 

0.01722 

36.07 - 10« 

-222.05 

990 . 38 

-155 

1.840 

0.01723 

20.08 

-220.44 

992 . 58 

-150 

3.29 

0.01723 

11.39 

-218.82 

994 . 80 

-145 

5.803 

0.01724 

6.577 

-217.17 

997.00 

-140 

10.03 

0.01724 

3.864 

-215.49 

999.21 

-135 

17.06 

0.01725 

2.308 

-213.80 

1001.42 

-130 

28.56 

0.01725 

1.400 

-212.08 

1003.63 

- 1 25 

4. 708/ IOC 

0.01726 

8.622 • 10’ 

-210.34 

1005.84 

-120 

7.(^9 

0.01726 

5.380 

-208.58 

1008.05 

-115 

12.26 

0.01727 

3.411 

-206.79 

1010.26 

-110 

19.38 

0.01728 

2.189 

-204.98 

1012.47 

-105 

30.25 

0.01728 

1.422 

-203.14 

1014.68 

-100 

46.64 

0.01729 

0 . 9352 

-201 .28 

1016.89 

- 95 

7.108/10C 

0.01729 

6.223 • IOC 

-199.40 

1019.10 

- 90 

10.71 

0.01730 

4.186 

-197.49 

1021.31 

- 85 

15.96 

0.01730 

2.846 

— 195.56 

1023.52 

- 80 

23.55 

0.01731 

1.955 

-193.60 

1025.73 

- 75 

34.39 

0.01732 

1.356 

-191.62 

1027.94 

- 70 

49.74 

0.01732 

0.9501 

-189.61 

1030.15 

- 65 

71.28 

0.01733 

0.0715 

-187.58 

1032.36 

- 60 

1.012/103 

0.01734 

4.788 • 10^ 

-185.52 

1034.58 

- 55 

1 . 426 

0.01734 

3.443 

-183.44 

1036.79 

- 50 

1 . 900 

0.01735 

2.496 

-181.34 

1039.00 

- 45 

2.757 

0.01736 

1.824 

-179.21 

1041.21 

- 40 

3.790 

0.01737 

1.343 

-177.06 

1043.42 

- 35 

5 1 70 

0.01737 

0.9961 

-174.88 

1045.63 

- 30 

0 7003 10- 

0.01738 

7.441 • 10< 

-172.68 

1047.84 

- 25 

0.9420 

0.01739 

5.596 

-170.46 

1050.05 

- 20 

1.259 

0.01739 

4.237 

-168.21 

1052.26 

- 15 

1 . 670 

0.01740 

3.228 

-165.94 

1054.47 

- 10 

2 . 203 

0.01741 

2.475 

-163.65 

1056.67 

- 5 

2.888 

0.01741 

1.909 

-161.33 

1058.88 

0 

0.03764/1 

0.01742 

14.81 • 10" 

-158.98 

1061.09 

5 

0.04878 

0.01743 

1 1 . 55 

-156.61 

1063.29 

10 

0.06286 

0.01744 

9 . 060 

-154.22 

1065.50 


♦ AhstrMctcd, l)y jienuission, from Heating Veniilaiing Air Coruiifionirw Ouide 
1048, C'lmptiT 3. V V 
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TABLE A. 17 


Thermodynamic Properties of Water at Saturation (Cont.) 


Fahr. 

Absolute 

Specific Volume, cu ft per lb 

Enthalpy, 

Btu per lb 

Temp. 

(F) 

t 

Pressure 

In. Hg 

p. 

Sat. Solid 
or Liquid 

Vi 

Sat. Vapor 

v„ 

Sat. Solid 
or Liquid 

hi 

Sat. Vapor 

ho 

15 

0.08056 

0.01744 

7.144 

-151.80 

1067.70 

20 

0.1027 

0.01745 

5.662 

-149.36 

1069.90 

25 

0.1303 

0.01746 

4.509 

-146.89 

1072.09 

30 

0. 1645 

0.01747 

3.608 

-144.40 

1074.29 

32 

0.1803 

0.01747 

Vf 

3.305 

-143.40 

hf 

1075.16 

32 

0.18036 

0.01602 

3304.6 • 1 

0.00 

1075.16 

35 

0.20342 

0.01602 

2947.8 

3.02 

1076.48 

40 

0.24767 

0.01602 

2445.4 

8.04 

1078.68 

45 

0.30023 

0.01602 

2037.3 

13.06 

1080.87 

50 

0.36240 

0.01602 

1704.3 

18.07 

1083.06 

55 

0.43564 

0.01603 

1431.5 

23.08 

1085.24 

60 

0.52160 

0.01603 

1207.1 

28.08 

1087.42 

65 

0.62209 

0.01604 

1021.7 

33.08 

1089.60 

70 

0.73916 

0.01605 

867.97 

38.07 

1091.78 

75 

0 . 87506 

0.01606 

739.97 

43.06 

1093.95 

80 

1 . 0323 

0.01607 

633.03 

48.05 

1096.12 

85 

1.2136 

0.01609 

543 . 35 

53.05 

1098.28 

90 

1.4219 

0.01610 

467.90 

58.04 

1100.44 

95 

1 . 6607 

0.01612 

404.19 

63.03 

1102.59 

100 

1 . 9334 

1 

0.01613 

350.22 

68.02 

1104.74 
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TABLE A. 18 

Thermodynamic Properties of Moist Air (Standard Atmospheric Pressure, 

2<).‘)21 IN. He;)* 


Fahr. 

Humiditv 

Ratio 

ir„ X 10" 

N'olumc 

cu ft/ll) dry air 

Temp. 

(F) 

t 

Dry Air 

tv 

Moist 

Air 

I’b 

-100 

0.2120 

7 . 520 

7.520 

-150 

0 . 0932 

7.775 

7.775 

-140 

2 . 1 09 

8 . 029 

8 . 029 

-130 

o 
o — 

o X 
• 

8.283 

8.283 

-120 

1 . 006 

8.537 

8.537 

-no 

4.063 

8 . 792 

8 . 792 

-100 

9 . 772 

ir, X io« 

9.040 

9.040 

- 90 

2.242 

9.300 

9.300 

- 80 

4 . 930 

9 . 553 

9 . 553 

- 70 

10.40 
\\\ X 10^ 

9 . 800 

9 . 800 

- 60 

2.118 

10.059 

10.059 

- 50 

4.103 

10.313 

10.314 

- 40 

7 . 925 
\\\ X 10* 

! 10.500 

10.507 

- 30 

1 . 404 

10.820 

10.822 

- 20 

2 . 030 

1 1 . 073 

1 1 . 078 

- 10 

4 . 000 
ir. X 103 

11.320 

1 1 . 334 

0 

0.7872 

11.578 

1 1 . 593 

5 

1 .020 

11.705 

1 1 . 724 

10 

1.315 

11.831 

1 1 . 850 

15 

1.087 

1 1 . 958 

11.990 

20 

2.152 

12.084 

12.120 

25 

2.733 

12.211 

12.205 

30 

3 . 454 

12.338 

12.400 

35 

4.275 

12.404 

12.549 

40 

5.213 

1 2 . 590 

12.095 

45 

0.331 

12.717 

12.840 

50 

7 . 058 

12.843 

13.001 

51 

7 . 952 

12.808 

13.032 

52 

8.250 

12.894 

1 3 . 0(VI 

53 

8 . 509 

12.919 

13.097 

54 

8.894 

12.944 

13.129 

55 

9.229 

12.970 

13.102 

50 

9 . 575 

12.995 

13.195 

57 

9.934 

1 3 . 020 

13.228 

58 

10.30 

13.045 

13.201 

59 

10.09 

13.071 

13.295 


Kntlialpy 
Btu/lb dry air 


C'oiidcHsed Water 


Dry Air 

h. 


38 . 504 
30.088 
33 . 074 
31.202 

28 . 852 
20.444 
24.037 

21.031 

19.225 

10.820 

14.410 
12.012 
9 . 009 

7.207 
4 . 804 

2 . 402 

0.000 
1 .201 

2.402 
3.003 
4.804 
0 . 005 
7.200 

8.407 
9 . tK)S 
10.809 
12.010 

12.250 

12.491 

12.731 

12.971 

13.211 

13.452 

13.092 

13.932 

14.172 


Enthalpy 

Moist A.rl 


W 


38 . 504 
30.088 
33 . 074 
31.202 

28 . 852 
20.444 
24.030 

21 .029 
19.220 
•10.809 

■14.394 
•11. 909 

- 9.520 

- 7.053 

- 4.527 

- 1.915 

0.835 
2 . 280 
3.803 

5.403 
7 . 100 
8 . 934 
10.915 

13.008 

15.230 

17.050 

20.301 

20 . 802 
21 .430 
22.020 
22.015 

23.22 
23.84 
24 . 48 
25.12 
25.78 


222.00 
218.77 

215.44 
212.03 

208.52 
204 . 92 
201 .23 

197.44 

193.55 

189.56 

185.47 

181.29 

-177.01 

-172.04 
-108. 17 
-103.00 

-158.93 
- 150 . 57 
-154.17 
-151.70 
-149.31 
-140.85 
-144.36 


Entropy 

Btu/(lb) 

(F) 

Sw 

-0.4907 

-0.4800 

-0.4605 

-0.4590 

-0.4485 

-0.4381 

-0.4277 

-0.4173 

-0.4060 

-0.3965 

-0.3861 

-0.3758 

-0.3655 

-0.3552 
-0.3449 
-0.3346 

-0.3244 
-0,3193 
-0.3141 
-0.3090 
-0.3039 
-0.2988 
-0.2936 


3.06 

0.00061 


0.0162 

13.10 

0.0262 

18.11 

0.0361 

19.11 

0.0381 

20.11 

0.0400 

21.12 

0.0420 

22.12 

0.0439 

23.12 

0.0459 

24.12 

0.0478 

25.12 

0.0497 

20 . 12 

0.0517 

27.12 

0.0536 


* Abstracted, by permission, from Heating VentHating Air Conditioning Guide 
1948, Chapter 3. 
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TABLE A. 18 

Thermodynamic Properties of Moist Air (Standard Atmospheric Pressure, 

29.921 IN. Hg) (Cont.) 


Fahr. 

Humidity 

% 

Ratio 

m X 103 

Volume 

cu ft/lb dry air 

Enthalpy 
Btu/Ib dry air 

Condensed Water 

Temp. 

(F) 

i 

Dry Air 

Moist 

-Vir 

Ps 

Dry Air 

Moist Air 

h. 

Enthalpy 

Btu/lb 

Aw 

Entropy 

Btu/{lb) 

(F) 

Sw 

60 

11.08 

13.096 

13.329 

14.413 

26.46 

28.12 

0.0555 

65 

13.26 
\V, X 102 

13.222 1 

1 

13.504 

15.614 

30.06 

33.11 

0.0651 

70 

1.582 

13.348 ' 

13.687 

16.816 

34.09 

38.11 

0.0746 

75 

1.882 

13.474 

13.881 

18.018 

38.61 

43.10 

0.0840 

76 

1.948 

13.499 1 

13.921 

18.259 

39.57 

44.10 

0.0859 

77 

2.016 

13.525 

13.962 

18.499 

40.57 

45.10 

0.0877 

78 

2.086 

13.550 

14.003 

18.740 

41.58 

46.10 

0.0896 

79 

2.158 

13.575 

14.045 

18.980 

42.62 

47.10 

0.0914 

80 

2.233 

13.601 

14.087 

19.221 

43.69 

48.10 

0.0933 

81 

2.310 

13.626 

14.130 

19.461 

44.78 

49.09 

0.0952 

82 

2.389 

13.651 

14.174 

19.702 

45.90 

50.09 

0.0970 

83 

2.471 

13.676 

14.218 

19.942 

47.04 

51.09 

0.0989 

84 

2.555 

13.702 

14.262 

20.183 

48.22 

52.09 

0 . 1007 

85 

2.642 

13.727 

14.308 

20.423 

49.43 

53.09 

0.1025 

86 

2.731 

13.752 

14.354 

20 . 663 

50.66 

54.08 

0.1043 

87 

2.824 

13.777 

14.401 

20 . 904 

51 .93 

55.08 

0.1062 

88 

2.919 

13.803 

14.448 

21.144 

53.23 

56.08 

0.1080 

89 

3.017 

13.828 

14.496 

21.385 

54.56 

57.08 

0.1098 

90 

3.118 

13.853 

14.545 

21.625 

55.93 

58.08 

0.1116 

91 

3.223 

13.879 

14.595 

21.865 

57.33 

59.07 

0.1135 

92 

3.330 

13.904 

14.645 

22.106 

58.78 

60.07 

0.1153 

93 

3.441 

13.929 

14.697 

22.346 

60.25 

61.07 

0.1171 

94 

3.556 

13.954 

14.749 

22 . 587 

61.77 

62.07 

0.1188 

95 

3.673 

13.980 

14.802 

22 . 827 

63.32 

63.07 

0.1206 

96 

3 .795 

14.005 

14.856 

23.068 

i 64.92 

64.06 

0.1224 

97 

3.920 

14 .030 

! 14.911 

23.308 

I 66.55 

65.06 

0.1242 

98 

4.049 

14.056 

14.967 

23.548 

' 68.23 

66.06 

0.1260 

99 

4.182 

14.081 

15.023 

23.789 

■ 69.96 

67.06 

0.1278 

100 

4.319 

14.106 

1 

15.081 

24 . 029 

71.73 

68.06 

0.1296 

101 

4.460 

14.131 

15.140 

24 . 270 

73.55 

69.05 

0.1314 

102 

4.606 

14.157 

15.200 

24.510 

75.42 

70.05 

0.1332 

103 

4.756 

14.182 

15.261 

24.751 

77.34 

71.05 

0.1350 

104 

4.911 

14.207 

15.324 

24.991 

79.31 

72.05 

0.1367 
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Properties 

Total Pressure — 29.921 


TABLE A. 19 

OF Mixtures of Air and Saturated Water Vapor, 0 to 32 


in. (Vapor Pressures Are Those of Sub-cooled Water) 


Tcm- 

l>era- 

ture, 

F 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 
10 

17 

18 

19 

20 
21 
22 

23 

24 


Satu- 
ration 
pressure, 
in. Hg 

Spe<‘ific 
humidity 
for sat u« 
ration, 
grains 
per U> of 
<iry nir 

Volume 
of satu- 
rated 
mixture, 
cu ft 
per Ih of 
dry air 

Sj>eriGc 
enthalpy 
of vapor- 
ization 
of water, 
Btu |KT n> 

S|>orific 
enthalpy 
of satu- 
rated 
steam, 
Btu jH*r \\> 

SpeoiGc 
entlialpy 
of dry air, 
Btu i>cr Ih 

Enthalpy 

of 

mixture, 
Btu per lb 
of dry air 

2 Func- 
tion of 
mixture, * 
Btu ;>or lb ^ 
of dry air 

0.0448 

6 53 

11.61 

1093 8 

1061 .8 

0 

0 99 

1.02 

0.0469 

6.84 

11.63 

1093 2 

1062 2 

0.24 

1.28 

1 31 

0 0492 

7. 17 

11 66 

1092 7 

1062.7 

0.48 

1.57 


0 05 1 5 

7 51 

11 68 

1092 1 

1063 1 

0 72 

1 .86 

1 89 

0.0S4U 

7.87 

11.71 

1091 5 

1063.5 

0.96 

2 16 

2.19 

0,0565 

8.24 

11.74 

1091 . 0 

1064.0 

1 .20 

2.45 

2.48 

0 . 059 1 

8 63 

11.77 

1090.4 

1064 0 

1.44 

2 75 

2.78 

0 0619 

9.03 

11.79 

1089 9 

U>C4 0 

1 68 

3.05 

3.09 

0.0647 

9 45 

11.82 

1089 3 

1065 3 

1 92 

3.36 

3.39 

0.0677 

9.89 

11.84 

1088.7 

1( 65 7 

2. 16 

3.67 

3.70 

0.0708 

10. ,33 

11.87 

1088.2 

1066 2 

2.40 

3.97 

4.01 

0.0741 

10 81 

11.89 

1087.6 

1066 6 

2 64 

4.29 

4.32 

0,0775 

1 1 31 

1 1 92 

1087 1 

1067 1 

2.88 


4.64 

0.0810 

1 1 82 

1 1 . 95 

1086 5 

1 067 5 

3 12 


4.95 

0.0846 

1 2 35 

1 1 . 97 

1085.9 

1067.9 

3 36 

5.24 

5.28 

0.0884 

12 90 

12.00 

1085.4 

1068 4 

3 60 

5.57 

5 60 

0.0923 

13 47 

1 2 , 02 

1084 8 

1068 8 

3.84 

5.90 

5 93 

0.0964 

1 4 08 

12 04 

1084 3 

1069 3 

4.08 

6 23 

6.26 

0. 1007 

14 71 

1 2 07 

1083 7 

1069.7 

4 32 

6 57 

6.60 

0. 1051 

15 30 

12.10 

1 08:1 1 

1070. 1 

4 56 

6.91 

6.94 

0. 1097 

16 02 

12. 13 

1082 6 

1070 6 

4.80 

7.25 

7 28 

0 1 145 

16 73 

12 16 

1082.0 

1071 O 

5.04 

7.60 

7 63 

0. 1 194 

17 45 

12, 19 

1081 5 

1071.5 

5.28 

7.95 

7,98 

0 . 1 245 

18 20 

12 21 

1080 9 

1071 9 

5.52 

8.31 

8 33 

0. 1298 

18.97 

12.24 

1080,3 

1072 3 

5 76 

8 67 

8 69 

0. 1353 

19.78 

12 27 

1079-8 

1072 8 

6 00 

9 03 

9 05 

0.1411 

20 . 63 

12 30 

1079.2 

1073 2 

6 24 

9 40 

9.42 

0. 1470 

2151 

12 33 

1078 7 

1073.7 

6 4$ 

9 78 

9 79 

0 1.532 

22,41 

12 35 

1078. 1 

1074. 1 

6.72 

10 16 

10 17 

0. 1597 

23 36 

1 2 38 

1077 5 

1074 5 

6 . 96 

10.94 

IBM! 

0 1663 

24 .33 

12.41 

1076 9 

1074 0 

7 20 

10.94 

10 94 

0. 1732 

25 35 

12 44 

1076 3 

1075 3 

7.44 

11.33 

n.34 

0 1803 

26 4 1 

1 2 46 

1075.8 

1075 8 

7.68 

11.74 

11 74 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 


• I'ruin lif/riurraiitio Data Hook. 5fli .Amoricuu Sooioty of Uofrigrriiling Kngincors, 1943, p, 434 

TAHLl*: A.20 

Properties ok Dry Air at 14.7 PsiA 
(Units: Btu, lb, hr, ft, F) 


'I'emp. 


0 

20 

•in 

()0 

80 

100 


Specific Heat 

('oiuhictivity 

Viscosity 

0 2102 

0.0124 

0.040 

0 2 102 

0.012S 

0.041 

0 2102 

0.0132 

0.042 

0 2103 

0.0130 

0.043 

0 2104 

O.OMO 

0.045 

0 2 ior> 

0.0145 

1 

1 

0 . 040 


Densitv 


0-0863 
0.0827 
0.071U 
0 07C>3 
0.0734 
0 0708 
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TABLE A.21 

Dimensions of Welded and Seamless Steel Pipe* 


Nominal 
pipe size, 
in. 

Oxitside 

diameter, 

in. 

Nominal Wall Thickness for 
Schedule Numbers, in. 

40 

80 

i 

0.405 

0.068 

0.095 

1 

4 

0.540 

0.088 

0.119 

1 

0.675 

0.091 

0.126 


0.840 

0.109 

0.147 


1.050 

0.113 

0.154 

1 

1.315 

0.133 

0.179 

U 

1.660 

0.140 

0.191 

U 

1.900 

0.145 

0.200 

2 

2.375 

0.154 

0.218 

21 

2.875 

0.203 

0.276 

3 

3.5 

0.216 

0.300 

Zh 

4.0 

0.226 

0.318 

4 

4.5 

0.237 

0.337 

5 

5.563 

0.258 

0.375 

6 

6.625 

0.280 

0.432 

8 

8.625 

0.322 

0.500 

10 

10.75 

0.365 

0.593 

12 

12.75 

0.406 

0.687 


* From American Standard for Welded and Seamless Steel Pipe (ASA No. B36-10, 
1939); copies available from American Standards Association, 70 E. 45tli St., New 
York. 


TABLE A.22 

Equivalent Feet op Pipe for Valves and Fittings* 

(Based on data presented in Crane Company’s Technical Paper No. 409, May, 1942. 
Values shown are average values based on standard-weight pipe and Type L tubing.) 


Line Size, 
Inches 

IPS 

1 

3 

% 

i 

B 

fl 

D 

B 

2 

2| 

3 

Zh 

4 

5 

6 

8 

10 

12 

OD 

2 

I 

f 

1 

1 

u 

H 

B 

2i 

2i 

CO 

1 

31 

1 

5i 

6i 

I 

lOi 

12 S 

Globe valve (open) . . 

! 

14 

16 

22 

28 

36 

42 

57 

69 

83 

99 

118 

138 

168 

225 

280 

335 

Angle valve (open) . . 

m 

9 

12 

15 

18 

21 

28 

34 

42 

49 

57 

70 

83 

117 

140 

165 

Standard elbow 


2 

2 

3 

4 

4 

5 

B 

8 

10 

12 

14 

16 

20 

26 

31 

Standard tee (through 








IM 









side outlet). 


3 

4 

5 

1 

6 

8 

9 

12 

D 

17 

20 

22 

28 

34 

44 

56 

65 


* Reproduced, bj' permission, from Equipment Standards, 1946 edition of the Air 
Conditioning and Refrigerating Machinery Association, Incorporated. 
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TABLE A. 23 

Maximum Tons Refrigehation for Ammonia Mains* 



yuction line 


Licjuid Line 

Pipe 

size 

in 

yuction pressure psig (temp F) 

Discharge 

line 

Condenser 

Receiver 






to 

to 







5 (-17.2 F) 

20 (5.5 F) 

45 (30 F) 


receiver 

system 

3 

8 ' 

h 





i 

2.5 

12 0 

0.(i 

1.1 

2.0 

3.1 

6.0 

1 .w 

20.0 


1.2 

1 

2.2 

4.1 

6.0 

14.0 

75.0 

1 

2.2 

4.0 

7.5 

11.4 

24.0 

137. 

U 

4.4 

8.0 

15.0 

22.4 

50.0 

245. 

U 

6.4 

11 .8 

21.6 

30 . 9 

77.0 

400. 

2 

12.1 

22.2 

42.0 

()2.0 

140. 

850. 

2i 

19.1 

35.5 

65.0 

97.5 

220. 

1475. 

3 

31 .5 

59 . 0 

108. 

160. 

375. 

2400. 

3i 

46. G 

87.5 

156. 

238. 

540. 

3500. 

4 

64.0 

118. 

240. 

330. 

740. 


5 

117. 

208. 

385. 

560. 

1320. 


6 

175. 

306 . 

600 . 

905. 

2030 . 


8 

362. 

650. 

1200. 

1810. 

4200. 


10 

640 . 

1 180. 

2 1 60 . 

3200 . 



12 

940. 

1 850 . 

1 

1 

1 




* H(’pr(>(l»u*t’<l, l>y ptTinissioii, from lufuipmvut Stmuiarda, (nlition of the Air 

('uiulitionii)g uml Refrigorntiiig Machinery Assuciation, Incorporated. 
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TABLE A.24 

Maximum Tons Refrigeration for Methyl Chloride Mains* 

FOR 1 Psi Pressure Drop Per 100 pTt 


Line size 
in. 


i 

4 

3 

8 

A 

3 

3 

8 

A 

5 


OD 

OD 

OD 

IPS 

OD 


h IPS 
I OD 
i IPS 
U OD 

1 IPS 

11 OD 
1{- IPS 
If OD 
4 IPS 

2f OD 

2 IPS 
21-OD 
2| IPS 
3f OD 

3 IPS 
3| OD 
3i IPS 
4f OD 

4 IPS 


5 

6 
8 

10 

12 


IPS 

IPS 

IPS 

IPS 

IPS 


Internal 

cro.ss 

sectional 

area, 


Suction line 

Discliargc 

Suction temp F and 
corresponding press, psig 

line, 

86 F 

cond 

temp 

(80.82 

psig) 

sq in. 

0 F 

(4.0 lb) 

20 F 

(14.00 lb) 

40 F 

(27.91 lb) 


0.09 

0.12 

0.15 

0.19 

0.146 

0.22 

0.27 

0.34 

0.45 

0.191 

0.27 

0.34 

0.43 

0.57 

0.233 

0.42 

0.52 

0.66 

0.87 

0.304 

0.51 

0.64 

0.80 

1.06 

0.484 

1.11 

1.40 

1.77 

2.33 

0.533 

1.11 

1.40 

1.77 

2.33 

0.825 

2.28 

2.87 

3.62 

4.77 

0.861 

2.12 

2.67 

3.37 

4.44 


3.89 

4.89 

6.17 

8. 12 


4.28 

5.38 

6.78 

8.92 


6.35 

8.0 

10.1 

13.3 


6-6 

8.3 

10.5 

13.8 

3.094 

13.2 

16.6 

21.0 

27.6 

3.356 

13.0 

16.3 

20.6 

27.1 

4.77 

23.7 

29.8 

37.6 

^ 49.6 

4.78 

21.4 

26.9 

33.9 

44.7 

6.812 

37.6 

47.2 

59.5 

78.5 

7.383 

36.2 

45.6 

57.5 

75.9 

9.213 

57.0 

71.8 

90.5 

119 

9.687 

54.4 

68.5 

86.3 

114 

11.97 

80.2 

101 

127 

168 

12.73 

78.4 

96.2 

121 

160 

19.99 

139 

174 

220 

290 

28.89 

227 

286 

360 

474 


466 

587 

740 

975 

78.82 

867 

1093 

1380 

1820 

113.1 

1400 

1760 

2220 

2920 


Liquid 

Line 


0.46 
1 . 55 
3.62 
4.6 
7.0 

8.5 

18.8 

18.8 

38.4 
35.8 

65.4 
72.0 

107 

111 

222 

218 

399 

360 

632 

610 

960 

916 

1350 

1287 

2350 


IPS indicates iron pipe size ; OD indicates outside diameter. 

* Hendrickson, H. M., “Determination of Refrigerant Pipe Size.” Refrigerating 
Engineering, Vol. 52, No. 4 (October, 1946), p. 317. 
t Factors for other pressure drops per 100 ft 

Press, drop Multiplier 

0.5 0.69 

2.0 1.45 

3.0 1.80 

4.0 2.10 

5.0 2.36 
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TABLE A.25 

Freon-12 Liquid Lines, Tons Capai ity per 100 Ft Equivalent Length* 


Line size, 
inches 

Pressure drop per 100 ft equivalent length, psi 

3 

5 

10 

20 

1 OD 

0.88 

1.14 

1.80 

2.58 

h OD 

2.80 

3.64 

5.56 

8.50 

h IPS 

4.80 

6.81 

10.2 

15.8 

1 OD 

4.80 

6.81 

10.2 

15.8 

1 IPS 

9.73 

12.6 

18.5 

27.0 

1 OD 

10.5 

14.1 

21.8 

33.0 

1 IPS 

21.4 

28.2 

41.3 

60.8 

IJ OD 

21.4 

28.2 

41.3 

60.8 

li IPS 

36.9 

48.1 

70.5 

101. 

11 OD 

36.9 

48.1 

70.5 

101. 

li IPS 

62.0 

80.2 

114. 

160. 

1| OD 

62.0 

80.2 

114. 

160. 

2 IPS 

124. 

101. 

231 . 

328. 

2i IPS 

230. 

297 . 

426. 

607. 

3 IPS 

364. 

469. 

676. 

972. 

3i IPS 

539 . 

704. 

1005. 

1430. 

4 IPS 

753. 

972 . 

1385. 

1945. 

. 


TonnnRo values above the lines in this table Rive velocities of 300 fpm or less and 


are recommended for installations having a snap-action valve in the line. 

IPS indicates iron pipe size; OD indicates outside diameter. 

* Reproduced, by permission, from Equipynent Standards, 1046 edition of the Air 
( 'onditioning and Refrigerating Slachinerj' Association, Incorporated. 
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TABLE A.26 

Maximum Tons of Compressor Capacity for Freon-12 Lines* 

(Only for temperatures indicated)! 


Line Size 
Inches 


Suction Lines 

Based on 105 F Condensing Temperature 


Psi Pressure Drop per 100 Ft 
Equivalent Length at 40 F Saturation 



1 

2 

1 

2 

3 

4 

5 

h OD 

0.14 

0.20 

0.28 

0.35 

0.41 

0.45 

I IPS 

0.17 

0.24 

0.34 

0.42 

0.49 

0.54 

f OD 

0.25 

0.35 

0.51 

0.62 

0.73 

0.81 

^ IPS 

0.35 

0.45 

0.65 

0.79 

0.93 

1.03 

1 OD 

0.55 

0.76 

1.10 

1.34 

1.58 

1.75 

i IPS 

0.68 

0.94 

1.35 

1.65 

1.92 

2.12 

n OD 

1.26 

1.80 

2.57 

3.17 

3.76 

4.15 

1 IPS 

1.43 

2.01 

2.89 

3.54 

4.17 

4.60 

1| OD 

2.21 

3.12 

4.45 

5.50 

6.38 

7.05 

U IPS 

2.70 

3.82 

5.37 

6.72 

7.68 

8.48 

If OD 

3.40 

4.78 

6.79 

8.42 

9.77 

10.8 

U IPS 

4.05 

5.75 

8.10, 

10.12 

11.6 

12.8 

2i OD 

6.12 

8.60 

12.1 

15.1 

17.4 

19.2 

2 IPS 

7.66 

10.9 

15.3 

19.2 

32.2 

24.5 

2| OD 

12.0 

17.1 

24.0 

30.1 

34.6 

38.2 

2f IPS 

12.0 

17.1 

24.0 

30.1 

34.6 

38.2 

3f OD 

19.1 

27.2 

38.2 

47.8 

55.0 

60.7 

3 IPS 

20.9 

29.4 

42.3 

51.8 

60.0 

66.2 

3| OD 

27.8 

39.7 

55.7 

69.8 

80.3 

88.7 

IPS 

30.2 

43.2 

61.0 

76.1 

87.0 

96.0 

4f OD 

38.6 

55.2 

78.0 

97.3 

111 

123 

4 IPS 

40.7 

58.6 

83.0 

103 

118 

130 

5 IPS 

71.3 

100 

141 

176 

203 

224 

6 IPS 

126 

183 

257 

322 

366 

403 

8 IPS 

211 

297 

422 

523 

602 

664 

10 IPS 

352 

503 

712 

887 

1024 

1130 

12 IPS 

550 

780 

1106 

1373 

1582 

1748 


Discharge 

Lines 


Condensing 

Temperature 


115 F 


1.43 

1.87 

2.97 

3.26 

5.05 

5.29 

7.72 

9.16 


90 F 


1.15 

1.50 

2.38 

2.62 

4.05 

4.25 

6.19 

7.35 


10.92 

8.75 

12.5 

10.0 

19.2 

15.3 

20.6 

16.5 

32.2 

25.9 

32.2 

1 

25.9 

51.5 

39.8 

54.5 

43.8 

72.0 

57.6 

78.8 

63.3 

95.8 

77.1 

101.6 

81.6 

171.5 

137.8 

266 

214 

461 

370 

725 

582 

041 

836 


Discharge line sizes are for equivalent lengths up to 150 ft. One size smaller pipe 
can be used for lengths under 50 ft. 

IPS indicates iron pipe size; OD indicates outside diameter. 

* Reproduced, by permission, from Equipment Standards, 1946 edition of the Air 
Conditioning and Refrigerating Machinery Association, Incorporated, 
t See Table 12.5 for other suction temperatures, p. 283. 










eoo 


492 


APPENDIX 



Fig. A.l. Viscosity and density of nminonia vapor. 
From Rffn'f/rrating Data Hook, 5th ed.. 1943, p. 178. 
American Society of Refrigerating Engineers. 
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Fig. A. 2. Viscosity and density of sodium chloride brine. From Refrigerating 
Daia Book, 5th ed., 1943, p. 182. American Society of Refrigerating Engineers. 



Fig. A. 3. Viscosity and density of calcium chloride brine. From Refrigerating Daia 
Book, 5th ed., 1943, p. 180. American Society of Refrigerating Engineers. 
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0 10 20 10 40 50 40 70 


TEMPERATURE , F 

Fig. A.5. Pipe friction multipliers for sodium chloride 
brine. From R. C. Doremus, “ Piping for Indirect Refriger- 
ation.*’ Heating, Piping and Air Conditioning, Vol. 10, 
No. 3 (April, 1938). 



TEMPERATURE . P 

Fig. A. 6. Pipe friction multipliers for calcium chloride brine. 
From R. C. Doremus, “Piping for Indirect Refrigeration.” Heat- 
ing, Piping and Air Conditioning, Vol. 10, No. 4 (April, 1938). 
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Answers to Problems 


2.1. 23.5 tons 


CHAPTER 2 
2.3. 1 .02 tons 


2.6. 8. 14 tons 


CHAPTER 3 


3.1. n = 1.19 

3.3. (a) X = 0.16 

(b) 1.163 cu ft per lb 

(c) X = 0.14 


3.6. 3.019 Btu per lb 

3.7. 897 Btu per hr 

3.9. 12.3 Btu per lb 


CHAPTER 4 


4 . 1 , (a) c.p. = 14.17; 15.17 

(b) c.p. = 8.75; 9.75 

(c) c.p. = 6.18; 7.18 

(d) c.p. = 4.69; 5.69 

4 . 3 . (a) 17 = 0.982; 0.952; 0.852 

(b) 17 = 0.963; 0.902; 0.690 

4 . 6 . (a) 148.0 Btu per lb 

(b) 1.351 lb per (ton)(min) 

(c) 6.72 cu ft per (ton)(niLn) 

(d) 1.1 hp per ton 

(e) c.p. = 4.29 

(f) 246.6 Btu per (ton) (min) 

4 . 7 . (a) 18.6 per cent; 100 per cent 

(b) 18.6 per cent; 89.6 per cent 

4 . 8 . (a) 6.42 tons 

(b) 6.42 hp 

(c) 6.74 hp 


(d) 1644.2 Btu per hr 
(o) 95,761 Btu per hr 
4.11. (a) 3.42 X 5.13 in. 

(b) 4.12 X 6.17 in. 

(c) 7.47 X 11.2 in. 

4.13. (a) 10.0 F 

(b) c.p. = 6.80 (no heat exchanger) 
c.p. ~ 6.84 (with heat ex- 
changer) 

4.14. (a) 72.87 Btu per lb 

(b) 54.89 lb per min 

(c) 144.85 cu ft per min 

(d) 28.2 hp 

(e) c.p. = 3.35 

(f) 5194.2 Btu per min 

(g) 3.29 in. 


6.1. (a) 2.91 lb 

(b) 0.0145 lb 

(c) 0.002771b 

6.3. 4.22 lb per min 

6.6. (a) 8,850 to 9,440 lb 
(b) 20 to 30 lb 


CHAPTER 5 

(c) nonflammable; 17.04 to 27.6 lb 
6.6. (a) 1603 1b; 23.3 cu ft 

(b) 1203 lb; 17.5 cu ft 

6.9. (a) 128.4 lb 
(b) 1.74 cu ft 


6.1, (a) 141.3 lb per min 

(b) 394.2 cu ft per min 

(c) 299.2 cu ft per min 

(d) c.p. = 2.35 

(e) 2.01 hp 
6.3. (a) 156.25 F 

(b) 242.5 F 

(c) 28.3 hp 

(d) 122.5 F 


CHAPTER 6 

(e) -11.9 F 

(f) 31.98 hp 

(g) 5.21 tons 

6.4. (a) 1.362 lb motive steam per lb 
vapor 

(h) X = 0.937 

(c) 974.1 Btu per lb 

(d) 16.81b per (hr)(ton) 

(e) 22^524 cu ft per (hr) (ton) 
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ANSWERS TO PROBLEMS 


6.7. 

(a) 

250 tons 


(d) 0.730 hp per ton 


(b) 

48.0 lb per min: 110,402 cu ft 


(c) c.p. = 6.47 



per min 


(f) 371.1) gpin 

6.9. 

(a) 

2.88 lb per (ton)(min) 

6.12. 

(a) 19.1) psia 


(b) 

24.5 cn ft pi'r (ton){inin) 


(b) 0.00876 hp; 6.53 watts 


(C-) 

7.38 eu ft per (ton)(min) 


(c) 340.0 watt-hr 



('HArTKU 8 


8.1. 


0.420 fps 

8.11. 

(a) 09.6 F 

8.3. 

(a) 

O. lOO psi 


(b) 75.6 F 


(b) 

1.17 i)si 

8.13. 

(a) 0.0073 Btu per (hr)(sq ft)(F) 


(c) 

1.48 psi 


(b) 0.0470 Btu per (hr)(sq ft)(F) 

8.6. 


1 120 Btu per (hr)(s<| ft of insiile 

8.16. 

(a) 0.482 Btu per (hr)(sq ft)(F) 



surface) 


(b) 0.0912 Btu per (hr)(sq ft)(F) 

8.7. 


1.1)20 Btu i)i*r (Iir)(ft of pipe) 

8.17. 

(a) 0.108 Btu per (hr)(sq ft)(F) 

8.9. 


0.747 .sq ft 


(b) 0.104 Btu per (hr)(sq ft)(F) 



C'HAPTKH 1) 


9.1. 

fa) 

0 120 in. IIk 

9.5. 

79.7 F 


0>) 

1 5.1) per cent 


08.5 F 


(c) 

1 5.5 per cent 

9.7. 

I*'og at 53.3 F 


(d) 

0.()02(i3 lb 

9.9 

13 cu ft 


(o) 

20, 1 0 Bt u per lb 

9.11. 

(a) -2 F 


(f) 

20.31 IBu pi'r 11) 


(b) -17 F 


(K) 

20.1 1 Btu per lb 


(c) 0.00031 Ib 

9.3, 

(a) 

48.5 per cent 


(,d ) 0.33 Btu per lb 


(1)) 

48.4 p<'r cent 

9.13. 

41,007 lb 


(<•) 

0.001.58 lb 


29.3 F 


(d) 

7.70 Btu per lb 


90 per cent 


iv) 

7. .54 Btu per lb 

9.16. 

18 per cent 


(f) 

7.1)4 Ih 11 pi'r lb 



10.1. 8.'),r)IO Htu p('r hr 

10.3. 3,S8() lifu prr hr 

10.6. 41)85 Bill jH'i- hr 


C’lI.VPTKU 10 

10.7. 17.0 tons 

10.9. 5 ton unit 


11.1. 1.31) ft 

11.3. (a) lO.OSOrfin 

(1)) 11 .87 11» p(T min 
11 . 6 . 2 


(’IIAPTIOR 11 

11.7. 0.1)00 cfm 

25 K 

11.9. 2083 Btu por (hr)(sq ft)(F) 


12.1. 1 1 .5 psi 

12.3. (u) I, 2^. anil 2^ in. O.D. 

{!►) I atid 1.. 3. aiul 1 \ in. 
12.6. (a ) I 1 in. 


13.1. lal 31 p»'r taait l»*ss 
(Ii) 32 S pj'i* <MMit h'.ss 

13.3. 1 s. I lip 

1-2.7 lip 


C’lI.XPTKU 12 

(h) 5.70 psi 
(r) \ lij) 

12.7. 1^. ij. ami in. 0.1). ; ono size 

lar^or for F-12 

12.9. IJin. 


C’U.VPTKU 13 

13.6. 111.3 Up 

17.1) hp 

13.7. 18.0 hp 

13.9. 11). 00 hp 
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14.1. (a) 5.50 psia 

(b) 6.13 F 

14.3. (a) 0.113 cu ft per min 

(b) 5.50 cu ft per min 


14.6. (a) 1.80 per cent 
(l)J 1 .41 per cent 

14.7. (a) 3.5 per cent 

(b) !)4.2 per cent 

(c) 97.7 per cent 


I 




\ 


16.1. Total enthalpy valves 

(a) 141 Btu 

(b) 72 Btu 

(c) 579 Btu 

(d) 648 Btu 

(e) -41 Btu 

(f) 32 Btu 

(g) 996 Btu 


CHAPTER 15 

(h) 810 Btu 

(i) 7 Btu 

(j) 1131 Btu 
Ck) 167 Btu 

(m) 668 Btu 

16.3. 10.89 and 8.49 cents per hr 

16.6. (a) chemical dehydration 

(b) refrigeration 


CHAPTER 16 


16.1. (a) 0.015 

(b) 0.029 

(c) M = 0.056 
X = 0.951 

yield = 4.9 per cent 

16.3. (a) -97.2 F 

(b) -98.03 F 

(c) 6.1 F 

(d) -76.3 F 

16.4. (a) 10.3; 7.35 

(b) 2.28; 3.85 lb per (ton)(min) 

(c) 1.27; 1.38 hp per ton 

(d) 37.8; 11.72 cu ft per (ton)(min) 

(e) c.p. = 3.70; 3.42 
combined c.p. = 2.26 

(f) 53.3; 66.5 F 

(g) 2.65 hp 

(h) 49.5 cu ft per (ton) (min) 


(i) compression ratio = 49.4 
3.26 lb per (ton)(min) 

110.5 cu ft per (ton)(niin) 

3.40 hp per ton 
c.p. = 1.39 

discharge temperature = 

169.8 F 

16.6. (a) 853.4 psia 

(b) 47.57 Ib 

(c) 2.43 1b 

(d) 8988.1 Btu 

16.8. (a) 37.4 Ib 
(b) S1.3i 

16.9. (a) 186.7 hp per (ton solid (’O 2 

per hr) 

(b) 594.3 cu ft per (ton solid CO,) 
(min) 


17.1. (a) $1.70 

(b) $1.58 

(c) $1.61 

(d) $1.65 


CHAPTER 17 

17.3. (a) 6.37 

(b) 5.0 

(c) 4.25 

17.6. 103 tons 


89.2 Ib 

22.2 to 40 tons 
8.6 to 27.2 tons 
86,000 to $15,000 

$4,500 to $9,000 

18.6. (a) 2100 sq ft 
4600 sq ft 


CHAPTER 18 

4700 sq ft 
350 seats 
(b) $7350 + 
$10,350 + 
$8225 + 
$7875 + 
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A 

Absolute zero, 361, 364 
Absorbent, 27, 343—344, 356 
Absorber, 27, 338-340. 348, 349, 351 

Absor))ing chamber, 27 
Absorption refrigeration. 27-30, 337-3oi>, 
399-401, 426-429 
absorption vs. compression, 344 
cycle analysis, 350— 3.‘>5 
cycle, elementary, 27-30 
early, 6, 1 1 
flow tlingram, 342 
Absorptivity, 166 
Acc(*s.sori(‘S, pipe, 290 
Activated alumina, 288, 356 
Activated carbon, 421 
.\diabatic demagnetization, 371-372 
.\diabati«* saturation, 186 
Adsorbents, 356 
Aging rooms, 435 
Air: 

as a refrigerant, 78 
cooling systems, 409 
debumidilied (piantity, 265 
(listribution. 410, 425 
enthaljiy of, 177 
fogge<l, 188 
heat content of, 177 
li(iuefaetion of, 376-380 
mixing, 188 
outlet, 425 
precooling, 410 

properti(‘s of. 173, 484-486 (tabhO 
saturated. 173 
subfn'ezing conditions. 1S3 
-vapor mixture, 172, 173. 1S3, 185 
proc(*sses, 1 86 
washers. 410 

Air conditioning. 409-429 
amusement spaces, 423-424 
buildings. 421 423 
cheinicallv. 187 
comfort. Itll. 4l<) 

(h'linit ion of. 409 
industrial, 358, 411—119 

loa<ls. nil. 202 
proc(“sses. 186-188 
residcuna^s, 427 -42tl 
st(»r(“s. 419 

Iransjiortation, 424 427 
zoning, 209 
Air conditions: 

design, 198-201 (tablel 
products, 194-196 (table) 


Ai''-eycle refrijjeration, 104—109, 137—141 
closed, 25. 107, 109 
coeflicient of performance for, 107 
net work, 106 
open, 25, 107—108 

Aircraft refrigeration, 137-141, 424, 439 
Albert, 1)., 448 
.Mgren, A. 13., 234 
Allen. V. M.. 395 
Althouse, 1)., 146, 335 
Altitutle chamber, 395-397 
Aluminum allov treatment, 398-399 
Aluminum oxide, 356 
Ambrose, K. 11., 119, 408 
.\inerican Clas .\ssociation, 345 
American Society of Heating and Ven- 
tilating iMigineers, 175-191 
.Vmerican Society of Refrigerating Engi- 
neers, 11 
Ammonia : 

as a ndrigerant, 78 
pipe size. 488 (table) 
thermodynamic ])roperties of, 451-455 
(tables), inside back cover (dia- 
gram) 

viscosity of, 492 (chart) 

Amusement spaces, 423 

Analvsis of absorption cycle, 351-355 

Analyzer, 30, 339-341, 349, 351 

.\n{U*rson, E. 1*., 146 

Andrews. 1). 11., 406, 408 

Anesthetic, 394 

Apparatus dew point, 264—266, 268, 358 
Appert, H., 430 
Appliance heat, 222-225 
Aipia ammonia: 

properties of. 496 (chart) 
use of. 338-340 

Acpia heat exchanger, 339-342 
Artilieial atmospheres, 395-397 
Artificial ice, 403-405 
Ashton, ,1. G., 408 
Atmosphere: 

air and water vapor. 172 
artilieial. creation of, 395-397 
Atmospheric towers, 248-250 
Atomic pile. 402 
.\uthenrieth, A. J., 408 
.\utomatie expansion valve, 315-317 
Awnings, 212 

B 

Rack-pressure valve, 301—302, 328 
Racteria. 430, 434 
Rallies, gravity coil, 259, 261 . 
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Bakeries, 438 
Bauclelot cooler, 263, 439 
Baumeister, T., 408 

Beauty parlor equipment, sources of heat 
from, 224-225 
Benning, A. F., 478 
Bigeleisen, J., 385 
Blast coil, 256, 266 
Blast freezing, 432, 433 
Blast furnace, 397-398 
Bodinus, W. S., 119, 146 
Body heat, 213-216 (tables) 

Boehiner, A. P., 245 
Boiling, heat transfer during, 164, 252 
Bolometer, 406 
Bone-dry weight, 414 
Bottling plants, refrigeration in, 430 
Bowling alleys, air conditioning of, 424 
Boyle's law, 43 
Brandt, E. A., 408 
Bratley, C. O., 437 
Brayton cycle, 105 
Breweries, refrigeration in, 438 
Brickwedde, F. G., 385 
Bridgman, J., 370 
Bridgman, P. \V., 45 
Brines, 100-101 

calcium chloride, properties of, 477 
(table) 

piping, 280, 495 (charts) 
sodium chloride, properties of, 470 
(table) 

viscosity of, 492-403 (charts) 
Brine-spray cooler, 270 
Brown, A. I 157-158, 161, 163, 170 
Brown, S. \V., 448 
Bubbje pump, 28, 348 
Building construction, 407 
Building heat transmission, 203 
Building materials: 
conductance of, 481 (table) 
conductivity of, 480 (table) 

Buildings, air conditioning of, 421-423 
Buna-S, 401 

Buses, air conditioning of, 425-426 
Butadiene, 401-402 

By-pass factors, 221-222, 264-266 

C 

^ 1 * ^ air conditioning of, 418 

E^alcium chloride brine: 
pipe friction, 495 (chart) 
thermodynamic properties of, 477 
(table) 

viscosity and density of, 493 (chart) 
t^andy, refrigeration in manufacture of, 
.416-417 

Capacity factors for suction line, 283 
(table) 

J:^apillary tube, 20-21, 322-324 
Jr^apillary washers, 411 
t:;arbon, activated, 421 
t^arbon dioxide: 
as a refrigerant, 80 
phase diagram for, 380 (chart) 


Carbon dioxide icont.)\ 

thermodynamic nroperties of, inside 
back cover (diagram) 

Carbon dioxide snow, 381 
Carnot cycle, 53-55, 361-362 
reversed, 55-57, 105. 116 
Cu’^-ijliuse, 54 ~ 

CarreS F., 6, 337, 344 
Carrene, 80 

Carrier, W. H., 174, 189, 202, 226, 229, 
233, 272, 410, 429 
Carrier’s equation, 174 
Carter, F. Y., 319. 335 
C^ascade system, 373-375, 382 
Cavello, T., 394 

Cellulose, refrigeration in manufacture 
of, 402-403 
Cement cooling, 407 
Centipoise, 150 

Centrifugal refrigeration, 114-116, 143- 
146 

efficiency of compression, 116 
theoretical head developed by com- 
pressor, 115-116 
Charles’ law, 43 

Chemical dehumidification, 187, 355-358, 
417 

vs. refrigeration, 355-358 
Chemical driers, 288-289 
Chemical industries, refrigeration in, 
402-403, 417 

Chemical laboratorv, air conditioning 
of, 418 

Chemicals, air conditioning in handling 
and manufacturing, 417 
Cherne, R. E., 202, 226, 229, 233, 272, 
410, 429 
Chilling: 

products, 215-220, 430 
rooms, 219, 435 

Chocolate, air conditioning in manufac- 
ture of, 416 

Circuit length, evaporator, 255 (table) 
Clark, O. H., 283, 294 
Claude liquefaction system, 377-379 
Clausius, 38 
Clearance pockets, 333 
Coefficient of performance: 
definition of, 55, 390 
for air-cycle system, 107 
for heat engine, 56 
for heat pump, 56 
for refrigerating machine, 55, 71 
for vapor compression cycle, 71 
for various refrigerants, 88-89 (table) 
Coil: 

-air quantity, 265-268 
by-pass factors, 221—222, 265-266 
cooling, early, 8 

copper, specifications and uses of, 274- 
277 

performance, 162 
Coilletet, 360 
Cold storage, 436 
Collins. S. C., 406 
Columbian nitride, 406 
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('ornfort air conditioning, 418 
(.’oinfort clmrt, 192 (chart) 

( \)iiinu‘rciai refrigeration, 441—447 
C'oin pressioii : 

eoniponnd, 311-312 
departure from tiieoretieal, 62 

(Irv, 58 
dual, 303-308 
exponent for, 59. 70 (table) 
heat e(iuivalent of work of, 60 
isi'utropie, 59 
isothermal, 59 
isothermal vs. isentropie, 47 
process, 39, 47-48 
rotary. 67 
stage, 128, 372 
wet, 58, 136 
work of, 69, 106 
Compressor: 
air, 105 

centrifugal, 114, 116 
-cai)acity eontrtd, 332-334 
early, 9, 122 

lieat rejected to cooling water, 70 
h(‘rm('ti<*, 128. 130—131 
motor controls, 324-326 
multipl<'-(‘ffeet, 127 
open, 128 

operation, 286 (chart), 312 (table) 
pow(>r, 286 (chart), 312 (table) 
recipro<‘ating: 
bearings, 130 
ciiolijjg, 133, 136 
cranksimft. 130 
crankslmft s('al. 129 
cylinder arrangement, 124 
cyliiuh'r design, 122 128 
eylimler hea<ls, 126 
double-acting, 124 
<lriv(“S. 128 
elementary. 17-19 
hori/ontal, 124 
lui)rication, 133 
number of cvliiulers. 125 
ra<lial, 124-125 
.sab'ty lieads, 126 

single-acting. 123-124 
s])iMals, 129 
valves, 131 

valve arrangement, 132 
\ al\’e d«-sign, 132 
\ertical. 127 
rotaev. 19 21. 131, 136 

two-sl;ige. I I 

(‘oiicrrte «‘onling, 407 
( 'iiiidensat ion : 

<lrop\\ ise, 236 
tilin-type. 237 
process of, 47, 5S 
1 IieotN of. 164 
( 'orideiiser; 

air-cooled, 238 210 
design, 236 238 
eh-mentarv, 18. 20. 22. 29 
evaporat ivr-. 24,5 
fouling. 238 


Condenser (cont.): 

heat rejected from, 68, 71 
licat transfer, 237 
primary, 23-25 
secondary, 23-25 
water-cooletl, 239—244 
C'ondensing, theory of, 164 
Condensing water eontrol, 332 
(’ondnetanee, thermal, 167, 169, 481 

(table) 

C'onduction, beat: 
in eylinders. 155 
parallel, 169 
series, 169 
theory of, 154 
through pipes, 155, 168 
Conductivity, thermal: 
gt'ncral. 154, 156 
of air, 486 (talde) 
of building materials, 480 (table) 
of gases and vapors, 158 
of ins\dations, 479 (table) 
of li(pu<ls, 158 
of refrigerants, 94, 96 
of solids, 157-158. 479-480 (tables) 
temperature effect on, 158 
units, 157 

valxies, range of, 157 
Conductors, heat, 155 
Confectionary, air conditiong of, 416-417 
Conference of Weights and Measures, 
Seventh General, 364 
(’onservation of energy, law of, 37 
C'onstant volume gas thermometer, 363 
C’ontrols: 

automatic expansion-valve, 315, 317 
capillary expansion. 322-324 
(aunpressor-capacity , 332-334 
compri‘s.sor motor, 324-326 
comlensing-water, 244-246, 332 
high-i>ressure c\»to(T, 326, 334 
high-side lloat valve, 321-322 
low-siile tloat valve, 320-321 
low-vt)ltage. 334 
manual expansion-valve, 315 
limit iple-evaporat or, 329-330 
solenoid. 327 
suction pressure, 328-329 
thermostatic expansion-valve, 31&- 
318. 319 (chart) 
thermostat-solenoid, 330-331 
Convection: 

cooling, 252-268 
forced, 15t>-162. 267 
free or natural, 162, 164 
lieat transfer by, 1511-164 
theorv of, 15S 
Cook. S. V.. 434 

C'oolers: 

air-eyele, 25, 105 
heat rejected to. 106 
Cooling: 

and dehumidifying, 1S7 
evai>orative. IS6 
' foreixl convection, 267 
i sensible, 186 
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Cooling load: 

calculation of, 229-233 
components of, 191 
estimate form, 231 
examples, 229-232 
types of, 191 

Cooling towers, 247-252, 346 
Copper: 

conductivity of, 157 
tubing, specifications, 274-277, 275- 
276 (tables) 

Cork, J. M., 370, 384 
Costs, comparative: 
absorption vs. electric refrigeration, 
346—347 (chart) 

of heating fuels, 390-391 (chart) 
Cramer, S. W., 409 
Crane cabs, air conditioning of, 418 
Critical: 
constants, 367 
isotherm, 32 

Crocker, S., 274, 275. 280, 281, 294, 484 

Crossman, L. W., 395 

Cryogenic, 360, 405-407 

Cryostat, 406 

Cullen, W., 394 

Curie’s law, 371 

Cycle : 

absorption^ eleme ntary, 27 -30 
air, 25-27, 104^109 
equipment for, 137-141 
centrifugal, 22-23, 114-116 
equipment for, 143-146 
ejector, 23-25, 109-114 
Rankine, 59 

steam jet, equipment for, 141-143 
.vapor compression ! 

[epanures irom theoretical, 60-64, 
61 (chart) 

elementary, with centrifugal com- 
pressor, 22-23 

elementary, with reciprocating com- 
pressor, 17-19 

elementary, wdth rotary compressor, 
19—21 

Lathematical analysis of. 68—75 
practical, Di 
theoretical, 58-60, 58 (chart) 

D 

Dairies, refrigeration in, 438 
Dance halls, air conditioning of, 424 
Dam construction, refrigeration in, 407 
DeBye, P., 360, 371, 384 
Defrosting, 269-272 
Dehumidifying : 
chemical, 187, 355-358, 421 
cooling and, 187 
Dehydrator, 288, 289 
Delivery room air conditioning of, 389 
Dens^air system, 107 
Density, refrigerant vapor and liquid, 
89-90, 90 (table) 

Department stores, air conditioning of, 

419 


I Do.siccaf ion, 407 

Design conditions, cooling load, 191, 197, 
198-201 (tal)lc), 202 (table) 
DeSorbo, W., 406, 408 
Dewar, 360 

Dew Point temperature, 173, 175-176 
181, 264 
Diagram : 

Mollier, 35, 37 
pressure-enthalpy, 35-36, 45 
pressure-volume, 36, 45 
temperature-entropy, 36, 45 
DichlorodiHuoromctlianc (Kreon-12) : 
as a refrigerant, 80-82 
thermodynamic properties of, 464—171 
(tables), inside back cover (dia- 
gram ) 

Dichloroethylone, 83 
Dieliloromonofluoromethane (Freon-21). 
80 

Dichlorotetraflouroethane (Freon-1 14) 
80 

Dimensional analysis, 158-160 
Dimensionless numbers, 160 
Direct refrigeration, 409-410 
Discharge lines, 284, 488-491 (tables) 
Discharge pressure effect, 286 (chart) 
Display cases, 441-444 
Doctors in refrigeration, 394 
Domestic: 

absorption unit, 34(>-350, 426-429 
freezer, 445^48 
refrigerator, 445-448 
Doors: 

heat transfer through, 206 
infiltration, 209, 212-213, 214 (table) 
Doremus, E. C., 294, 495 
Double-pipe condenser, 240-242 
Drake, E., 297 
Drier: 

chemical, 288, 289 
coil, 260 
surface, 260 

Drugs, air conditioning in handling of, 
417 

Drv-bulb temperature: 

(iehnition of, 172 
hourly variation of, 202 (table) 
measurement of, 175 
Dry ice: 

manufacture of, 380-384 
uses of, 397, 441 
Dual compression, 303-308 
Ductwork: 

air leakage, 226-227 
cooling effect from, 227 
heat gain, 226-227, 227 (table) 
sizing, 410 
Dunne, R. VD., 398 

E 

Economical condenser operation, 244- 
245, 246 (chart) 

Effective temperature, 192-193, 192 

(chart), 193 (table) 
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I'^tticiency: 

centrifugal compressor, 116 
clearance volumetric, (>3-66 
compression. 65, 112 
conventional volumetric. 65 
entrainment, 112 
leakage volumetric, 65 
nozzle, 112 

theoreti<‘al volumetric, 65 
total volumetric, 6() 
volumetric, 64-67, 71 
volumetric due to .superheating, 65 
volumetric without clearance, 65 
Ejector, 23, 110-111, 143 
Ejector-cy<*le refrigeration, 100-114 
Elbows, pipe, 280 
lOlectric lights, heat from, 214 
I'ilectrolux, 346 

Electroplating, refrig(‘ralion in, 402 
l'hni.ssi\ity : 

functions, 165-1()6 
values, 1()5-166 
lOnergy : 
equations: 

ntmflcnv, 38, 40 
stc^ady flow, 38-30 
flow, 35 
intermil, 34 
kinetic, 33 
potential, 40 
Enthalpy: 

(hdinition of, 34 

of air-\apor mixture, 177-170, 182, 
185, 484-48(> (tnides) 

Entropv, 35 
Enzymes, 430, 433-434 
I‘a|uilibrium diagram, ammonium sul- 
pliate and ic(‘, 366 (chart ) 
lMIui\’alent lt*ngth of pipe liftings, 487 
(talde) 

I')thane, applications expansion valves, 
310 (ciuirt ) i 

Ethyl-alcoliol, refrigeration in manufac- ' 
turi' of, 402 
I'ithyl chloride, 83 
I'ithvleiu', pn)perties of, 472 (tabho 
l‘ith\ h>iu' gl\’col, as an nb.sorbent, 356 
l^utectics, 100-101 
l^vacuation of j>ij)ing, 288 
I'ivaporat ion : 
proc(‘ss. 47, 58 

production of cohl by, 360-371 
I'ivaporal ive condenser, 245-247, 411 
hlvaporat ive <-ooling, 186, 400, 411 
I'A'aporator: 

cin-uit lengths, 255 Uablel, 256 
design, 236, 252, 253-256 
elementary, 17, 24, 28 
flooded, 20 

heat alisorl>ed tlirough, (>8 
li(piid chiller, 263 
imiltiph*, ct)ntrol of, 320-330 
plates, 140, 163 164, 262, 436, 440 - i 
441 ; 

-pre.ssure n*gvilat(»r, 320 | 

.selection, 264-268 


Evaporator {coni.)’. 
theory, 252 
types, 236 
Evers, C. F., 448 
Exhaust system, 221 
Expander, 25-27, 105 
Expaiision : 

irreversible, 366 
isentropic, 365-366 
Joule-Thomson, 306 
process, 47, 50 
Expansion, pipe, 280 
Expansion engine, 105-106 
Expansion fits. 309 
I'ixpansion turbine, 140 
ICxpansion valve: 
automatic, 315, 317 
capillary tube, 322—324 
high-side float, 321-322 
low-side float, 320—321 
manual. 315 

multiple. 302, 307, 300, 312 
thermostatic, 3H>-310 
I'ixplosive properties of refrigerants, 98 
(table) 

F 

Fahrenheit temperature scale, 361 
Fan, iieat from. 228 (table) 

Fanning eipiation, 150, 151 

Farm freezer, 445—448 

Fa\jst, F. 11., 202 

Fenton, F.. 448 

Fi'renee, 51., 385 

Film coeflicient. 237, 244, 253 

Fink, 11. L., 408 

Finned coil, 8, 244, 253-256, 259 
V'isli, freezing, 433-434 
Fisher, J. T., 138. 146 
Fiske, 1). E.. 11. 12. 13. 15. 220 
Fittings, pipe, 277-280, 487 (table) 

Fittz, U. r., 146 

Fixed j>oints below oxygen pt>int, 365 
(table) 

l*'lake-iee, 404—405 
I'lash ehamber, 110 
hlasii intereoolei*s. 310-312, 383 
Flooded evaporators, 236, 263 
I'low : 

counter, 168 
forced, 140 
free, 140 
gravity, 140 
isotliermal : 

streandine, 150 
turbulent, 151 
laminar. 140. 150 
natural. 140 
nonisothermal: 
streamline, 150 
turlnilent, 151 
parallel, 168 
straightline. 150 
streandine, 140-150 
supersonic, 140 
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Flow (cont.): 
three-phase, 152 
turbulent, 149, 151, 161 
two-phase, 152 
viscous, 149-150 
Fluid cooling. 232 
Fluid flow, 149-153 
Fog, cause and clearing of, 187 
Fontana, M. G., 384 
Food preservation, 430-448 
Food products: 
freezing of, 217, 431-435 
processing of, 438 

properties of, thermal, 194-196 (table 
regain, 413 

storage conditions for, 194-196 (tablei 
266-267, 41(i-417, 435-436 
transportation of, 439-441 
Forced air cooler, 256-258 
Forced convection cooling, 267 
Forced flow, 149 
Fourier’s equation, 154 
PVactional distillation, 360 
h reezer: 

domestic, 2(i2, 445-448 
heat transfer in, 153-154 
Freezing: 

cabinet, 436 
food, 217, 431-435 
of body parts, 304 
of soil, 407 
room, 436 

temperature of products, 194~1<)0 
(table) 

time for foods, 433 (table) 
water in pipes, 407 
rreon refrigerants: 
general, 80-82 

viscosity of, 478 (table) 

-rreon-ll: 

thermodynamic properties 

Freon-12-‘'^ (diagram) 

line siz^ 490^91 (tables) 

tnerinodynamic properties of, 464-471 

(tables), inside back cover (dia- 
_ gram) 

Freon- 22 : 

thermodynamic properties of, inside 
r. . .. cover (diagram) 

Inction factor, 150-152 
frozen food: 
cabinets, 444-445 
production, 14 
storage, 435 
Fruits: 

evolution of heat by, 218-219 (table) 
freezing of, 430-437 ^ 

moisture loss in storage, 220 (table) 
^eingerant temperature difference and 
''®^ocity for, 266-267 (table) 

Fuel o conditions for, 194 (table) 

FusLn 1^®; coinparative, 390 (chart) 

aehnition of, 46 

mr various foods, 194-196 (table) 


of, inside 


G 

air conditioning of, 418 

Gas: 

<'onstaiit, 31 

equiinncnt heat, 221-225 (table) 

^ refrigerator, 346-350 
Gases: 

ideal, 31, 173 

nainic relationships of, 42-43 
44 (table) ’ 

Oem-rator, 27, 338-342, 348-349, 351 
(•lauque, 360 
( Hass: 

shading devices for, 212 (table) 

) solar heat gain through, 210-211 
(tables) 

Goetz, A., 408 
(ioff, J. A.. 173, 189 
; Goodman, 188-189 
Gorric, J., 5, 394 

Grant, W. A., 202, 226, 229, 233, 272, 410, 

Graphical rei)rescntation, 36 
Grasliof number, 160 
Gratch, S., 173, 189 
Gravity: 

coil, 4. 8, 149, 257-262, 2(;6, 272 
flow, 149 
( iruueisen, 38 

Gum, air conditioning in inamifacture of 
416-417 

Gygax, E., 282-283, 294 

H 

Hainsworth, W. R., 343, 344, 358 

Hampson liquefaction system, 377-378 

Harris, P. M., 385 

Harrison, J., 5, 7 

Hawkins, G. A., 155, 170 

Hayner, G. A., 434 

Heat: 

content of air, 177-179, 182 
from appliances, 221-225 (table) 
flow through roofs, 205 (charts) 
flow through walls, 203-204, 200-207 
(charts) 

latent (see Latent heat) 
sensible (see Sensible heat) 
specific (see Specific heat) 
total of air, 178, 182 
Heat balance for cooling tower, 250 
Heat exchanger: 

capillary tube, 322-324 
double-pipe, 168 
gas, 30 
liquid, 30 

Heat pump, 116-119, 389-394, 429, 440 
coefficient of performance, 117 
comparative operating costs for various 
coefficients of performance, 390 
(chart) 

equipment, 391-394 
for truck refrigeration, 440 
heat sources, 117-118 
in residential units, 429 
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Heat transfer: 

and refrigeration, 153 
and turbulent flow, l(»_l 
and unsteady flow, 155 
i)oiling coefHeient, U)4 
by conduction, 154-158 
by parallel eonduetion, 109 
by radiation, 105^100 
by serit's cond\iction, 109 
combined, 10(>-109 
coiulenser, 237, 241 (cliart), 243-244 
condensing coefficient, 104 
effect on fluitl flow, 151 
evaporator. 253-255 
from cylimlcrs, 155, 103 
from sjjberes, l(i3-100 
of gravity coil, 259 
of li(iuid chiller, 2()3 
of plati's, 103. 202 

overall coefficient, 107, 203—204 l,tabl(*)» 
237, 241 

over tubes, 101 
three types of, 154 
tlirougii pipes, 155, 108 
through roofs, 205 (tal)le.s) 
through walls, 107, 203, 20.5-200 

(charts), 208 

Heat transmission, buiUling. 203 
H<'at treatimmt, refrigeration in, 398-399 
I baitintL : 

and humklifying, 187 
cost.s, comparative, 390-391 (table) 
.sensil>le, 180 
Helium : 

crvo.stat, 400 
solidilication of, 370 
H(‘linholt/., 300 
Hemirii'kson, H. M., 294 
Heyland li(|uefaction system, 379 
Higli-sidc: 

eiiuipmcnt , 230 
float valve, 321-322 
High-pressure safety cutout, 320, 334 
ilistory of refrigeration: 
niiu'teentli <*eutury. 4 
twentieth century, 1 1 
Hog»'. H . 30.5 

1 lolbrook, S,, 13. 1 .5 
Holladav, W. 1... 119, 407 
llollaml. A. O.. 210 
Home freezer, -I 15-4 IS 

Hooding eipiipment, idTect on cooling 
load, 221 
Horsepower; 

actual, per ton, 72 

per ton. variation with suction and dis- 
charge piH'ssure, 2S0 (chart > 
t lu'oret ical, pin* ton, 09 
Ihtspitals, air tamdit ii>ning of, 421 -423 
liol-gas ilefrosting, 209 
Hot-gas lines, sizing of, 2S4, 4S8-491 

itabh's) 

Hotels, air e»>nditioning of, 421 423 
Howanl, 11. 1*., il94 

Human i>ody. lu'at from, 213-210 (tables) 
Humidifying, IS7. 4U) 


Humiditj': 

aV>solute, 173-174 

control of, 172, 181, 358, 398, 416 

definition of, 172 

desired for product storage, 194-196 
(table) 

effeet of, 172, 415 
ratio, 173-177, 181, 184 
recommended for refrigerator, 266 
relative, 173, 176, 181-182, 185 
speeilie, 174 

Hutchinson, F. W., 119, 313, 351, 353, 
358 

Hygroscopic materials, 411—415 


Ice: 

allot ropie forms of, 370 (chart) 
artificial, manufacture ob 403-405 
dry, manufacture of, 380-384 
natural, 3 

lee cream, manufaeture of, 438 
Iccil wet bulb, 183, 184 
Indirect refrigeration, 409-410 
Industrial air conditioning, 358, 411-419 
Infiltration: 

of air, 209, 212-214 (table) 
water vapor, 213 
Injector nozzle, 264 
Insulation: 

conductivity, 479 (table) 
economical thiekne.ss of, 156 
materials, 156, 479 (table) 
recommended tbieknoss of, 208 (table) 
Insulators, bent, 155-156 
Intercoolers, 114, 137, 140, 310, 312 
International temperature scale, 364 
Inversion: 
point, 42 

temperature, 367-368, 367 (table) 
Irreversible expansion, 366 
Isentropic expansion, 365-366 


Jakob, M., 155, 170 

Jennings, 11. II., 429 

Johnston, H. L., 384 

,Jor(U>n, H. C., 170 

Joule’s free expansion experiment, 41 

Joule-Thoinson : 

eoeflieient, 42, 366—369 
effeet, 41 

expansion, 360-366 

K 

“k” values, 157-158. 479 (t^ble), 480 
(table!, 486 (table! 

KaUistian, F., 112, 119 
Kanig, 11. K., 186, 189 
Katz, D. L., 243, 272 
Keenan, J. H., 48, 385 
Keesom. 370 
Keller. F.. 399 


INDEX 


507 


Kelvin temperature scale, 3(51 
Kemler, E. X., 119, 407 
Keyes, F. G., 408 
Kiefer, P. 48 
Kirchoff’s law, 165 
Kirk, A., 5 

supply for air conditioning 421 
KraU, A, P,, 240 


Laboratories, air conditioning of 418 
Lander, R. AL, 170 ' 

Latent heat: 

definition of, 191 

for cooling-load items, 202 

of fusion, 46 

of humans, 214-216, 215-216 (tables) 

194-196 (table), 217, 219 
220 (table) 
of refrigerants, 90-91 
of sublimation, 46 
of vaporization, 46 
Leakage from air ducts, 227 
J-emon, H. B., 385 
Letter symbols, 451 
Lewis, S. R., 429 

Libraries, air conditioning of, 417 
Lfchty, L. C.. 48 

Lights, heat load from, 214 

Linde liquefaction svstem, 377-378 

Liquefaction of air, 376-380 

Liquid chiller, 263 

Liquid gases, 360, 371 

Liquid lines, 281-282, 488-491 (tables) 

Liquicl-suction heat exchanger, 257, 281- 

Lithium bromide as an absorbent, 356 

Lithium chloride as an absorbent, 356 

^cker plants, 390, 435-437 

Long, E, A., 385 

I^ng, L., 448 

LooDing pipe, 284-286 

Lord, J. O., 385 

I^rd Kelvin, 361, 390 
l^'v-humidity applications, 417 

air liquefaction, 379 

equipment, 236 

float valves, 320-321 
"-temperature refrigeration* 
applications of, 384 

piston displacement requirements for, 
o73 (chart) 

power requirements for, 374 (chart) 

Wr Ly evaporation, 369-371 

^ ^369 expansion of gases, 365- 

^*^*^^372*^” magnetic cooling, 371- 

production by salt-ice mixtures, 364- 

_ ,365, 366 (chart) 

P o action by vapor compression re- 

Low 372-376 

J^"-voltage cutoff, 334 

bricants, refrigeration, 134 


Lund, C. E., 234 
Lyophilization, 407 


M 

-MacDougall, F. M., 335 
Muemtire, H. J., II9, 245, 272 
Mackey, C. ()., 189 
Magnetic cooling, 371-372 
.Magnetic stop valve, 327 
Marco, 8 M., 157-158, 161, 163, 170 
.Maikwood, U'. H., 478 
MoAdains, \V H,, 151-152, 155, 101, 170, 

272 

AIcCoy, D. C., 434 
McGrath, W. L., 335 
Meats: 

freezing of, 430-437 
moisture loss in storage, 220 (table) 
refrigerant temperature difference and 
air velocity for, 266-267 (table) 
storage conditions for, 195 (tal>le) 
Medical aid, refrigeration as a, 394 
Messmger, B. L., 139, 146 
Metal cooling, refrigeration in, 390 
Metalworking, air conditioning in, 418 
Meteorology, refrigeration applications 
in, 397 

Methyl chloride: 
as a refrigerant, 82 
line sizes, 489 (table) 
thermodynamic properties of, 456-463 
(tables) 

Methyl formate, 84 
Metliylenc chloride, 83 
Millar, R. W., 384 
.Milton, R. M., 406, 408 
Mines, air conditioning of, 418 
Moist air properties, 484-486 (tables) 
Moisture regain, 412-415 (tables) 

Moisture removal, 287 
Monochlorodifluoromethanc (Frcon-22), 

80, inside back cover (diagram) 

Monochlorotrifluoromethane (Freon-13). 
80 

Moores, C. F., 389 

Motors, heat from, 220, 228 (table) 

.Moyer, J. A., 146 

.Multiple compressor systems, 308-312 
Multiple evaporator svstems, 299-313, 
329-330 

Multiple expansion valves, 302, 307, 309, 
312 

Alultiroom buildings, air conditioning of, 
421-423 

Munters, C., 346 

Museums, air conditioning of, 417 

X 


Neoprene, refrigeration in manufacturo 
of, 401 

Nernst heat theorem, 38 
N^ielson, H. H., 385 
Night clubs, air conditioning of, 421 
Nitration, refrigeration in, 403 
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Noncoiidensiblo gases, 252 
Nulk, D. E., 385 
Nusselt number, 100, 161 
Nusselt, W., 15‘), 104, 237 

O 

Occupant heat, 213-210, 215-210 (tables) 
Odors, absorption of, 421 
Oflice buildings, air conditioning of, 421- 

423 

Ogden, K. K., 157 
Oil: 

effect, 96 
foaming, 135 • 
locking, 135 

pressure drop eaused by, 282 
refining, refrigeration in, 399-401 
return, 274, 283 
separator, 334 
trapping, 283 
O’Leary, ll. A., 5, 7, 15 
One-compressor systems, 300-303 

Onnes, K., 300 

Operating hours, compressor, 230 
Outside air, effect on cooling loads, 221, 
220 

P 

Packaging food, 434 
Packless valves, 291-292 
Palmatier, 10. P., 185, 189 
i^inel cooling, 227, 229 . , 

Papc’r, air conditioning in handling of, 
412-410 

Paramagnetic salts, 371 
Penicillin, refrigeration in manufacture ] 

of, 407 ^ . 1 

People, h(‘at from, 213-210, 21o-2U» 
(tables) 

I’erfect gas: 

deviation from, 42, 303 
etpiation, 31—32, 42-44 (table), 173 
Perfume, refrigeration in manufacturi' of. 
403 

Perkins, ,1., 5 

Petroleum industry, refrigeration in, 
399-401 

Phillip, L. A., 335 
Pictet, 300 
Pipe: 

acce.ssories, 290 
ammonia, 488 (table) 
brin(\ 289, 495 (charts) 
coiuh'iiser, 240-241 
(‘xpansion, 280 

(i^til.g.'^. 277-280, 487 (table) 
friction, 280 

friction factors, 151-152 (chart) 
gravitv coil, capacitv of, 200 
joints,' 277-280 
loops, 284-280 
materials. 274-277 
size, 274, 487 (table) 
sizing, 281-287. 488-491 (tables), 494- 
495 (charts) 


Pipe {cont.)'. 

specifications, 274—277 
supports, 280 
velocities, 274, 494 
water, 288, 494 (chart) 

Piping, 274-294 
Piping C'odc, 275—280 
Piston displacement: 
actual, 71 

reiiuirenients for low temperature 
refrigeration, 373 (chart) 
theoretical, 09 

for various refrigerants, 92 
Platen, 11. v.. 340 

Plates, refrigerated, 149, 103-164, 262, 
430, 440-441 

Plumbing, refrigeration in, 407 
PoiseYiille’s formula, 150 
Pollock, K. t)., 433 
Ponds, 1 ‘ooling water, 247—248 
Porous plug experiment, 307 
Potter, U. H., 394, 408 
Praiultl number, 160-101 
Prei'ooling, 410 

Prepackaged fresh produce, 437 
Preparation for freezing, 432-435 
I’rescott, S. C'., 430 
Preservation, food, 389, 430-448 

Pressure: , , ^ 

critical, of refrigerants, 87-88 (table) 
evaporation and condenser, 84, 80 
exhaust. 02 
suction, 02 
vapor: 

m air. 174, 170, 181-182, 184 
over ice, 174, 183, 184 
over subcooled water, 174, 183-184 
ovt'r water, 174, 181—182 
Pressure ilron: 

fi>r streamline flow, 150 
for turbulent How, 151-153 
ridrigerant lines, 281—287, 488 191 
(tables) 

wati'r pipe, 494 (chart) 

Pressure motor control, 324—326 
Priester, O. li., 259 
Printing, air conditioning in, 415 
Processes: 

adiabatic saturation, ISO 
air-\'apor mixture, ISO 
chemical dehumidifying, 187 
cooling ami tlehumidifying, 187 
evaporative cooling, 186 
free expansion, 43—44 
heating and humidifying, 187 
irreversible adiabatic, 43-44, 58 
isentropic, 43-44 
isobaric, 43 — 14 
isometric, 43—44 
isothermal, 43—14 
poly tropic, 44 
reversil^le, 30 
sensil^le cooling, 186 
sensible heating, 186 
Processing food, 438 
Pixieessing room, 436 
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Product, food: 
chilling, 215-220, 435 
freezing, 194-1U6 (table), 217, 430-430 
load, 215-220 

respiration, 217-220, 218-219 (table) 
storage conditions, 194-196 (table) 
Psyschronieter, 173, 179, 180, 183 
Psychroinetric: 

chart, 179, 185, inside back cover 
definition of, 172 
Psychrometrics, 172-190 
Pump : 
brine, 290 

heat gain from, 229 
water, 290 

Q 

Quality: 

definition of, 45 ^ 

refrigerant, at end of expansion, 68 

R 

Raber, B. F., 119, 313, 351, 353, 358 
Radiation: 

heat transfer bj'^, 165-166 
solar, 208, 212 (tables) 

Radio, bolometer as a, 406 
Railroad, refrigeration applied to, 424:- 
425, 440 

Rainmaking, 397 
Rankine temperature scale, 361 
RaoulPs law, 337-338 
Rawhauser, C., 408 

Rayon, air conditioning in manufacture 
of, 412-415 

Reach-in refrigerators, 443 
Rectifier, 339-341, 349, 351 
Refrigerant: 

absorbent combinations, 341, 343 
air, 78 

ammonia^ properties of , 451—455 (table) 
carbon dioxide, 80, inside back cover 
(diagram) 

coefficient of performance for, 88—89 
(table) 

coil, temperature, 266-267 
common, 78 
comparison of, 84^101 
corrosive properties of, 93 (table) 
cost of, 87 

critical temperature and pressure, 87- 
^88, 88 (table) 

Uichlorodifluoromethane (Freon-12), 
properties of, 464-471, inside back 
cover (diagram) 

dielectric strength of, 93-94, 94 (table) 
effect on perishables, 99 
ethylene, properties of, 472 (table) 
explosive properties of, 98 
freezing temperatures of, 87-88, 88 
(table) 

Freons, 80 
halide, 81 

halogenated hydrocarbons, 83 
hydrocarbon, 83 


Refrigerant {cont.): 
latent heat of, 90-01 
leakage tendency of, 99 
methyl chloride, properties of, 456-463 
oil effect, 96 

physical and thermal properties of, 79 
(table) 

power re(}uirements of, 88-89, 89 
(table) 

pressure-temperature relationships of, 
85 (chart) 
secondary, 22 
solvent, 343 

specific volume of, 90-02, 92 (table) 
stability and inertness of, 91 
steam, properties of, 473-475 (tables) 
sulfur dioxide, 82 

thermal conductivity of, 94, 96 (table) 
toxicity of, 96-97, 97 (table) 
vapor and liquid densities of, 89-90, 90 
(table) 

viscosity of, 94-95, 95 (table), 478 
(table), 492 (chart) 
water vapor, 82 

weight circulated, 69, 91 (table) 
Refrigerating effect, 68 
Refrigerating machine: 
early, 10 
rating of, 16 

Refrigerating Machinery Association, 11 
Refrigeration : 
application^ 14, 389-448 
cycles {see Cycles) 
early domestic, 12 
industry today, 13 
low-teinpcrature, 360-386 
sales, 13 

systems, 16-30, 53-77, 104-121, 337- 
358 

vs. chemical dehumidification, 356-358 
Refrigerator: 
air velocity, 267 
coil location, 261 
domestic, 445-448 
heat absorbed from, 105 
load calculations, 230-232 
reach-in, 258, 261, 443-447 
unit cooler in, 258 
walk-in, 443-447 
Regain, 412-415 (table) 

Relief valve, 293, 334 
Residences, air conditioning in, 427—429 
Resorption system, 355 
Respiration of food products, 217-220, 
218-219 (table) 

Restaurant equipment, heat from, 222- 
225 (table) 

Restaurants, air conditioning of, 421 
Return bena resistance, 253 (table) 
Reversed cycle refrigeration (See Heat 
pump) 

Reversibility, 36 
Reynolds, O., 149 

Reynolds’ number, 149, 151, 160-161, 284 
Roe, A., 402 
Rohsenow, W. M., 189 
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Hoof heat gain, 205 (tables) 

Hoof spray, 410 
Uooin cooler, 422, 423 

Room sensible-heat factor, 204— 2G5, 208, 
35(^358 

liowlev, !• . 13., 170, 234 
Rubin; T., 385 
Ruinford, C'ount, 3()0 
Rushton, J. H., 370, 385 

S 

Safety code, 275 
Safety factor, 228, 230 
Salt crystallization, refrigeration in, 403 
Salt-ice mixtures, 304-300, 300 (chart) 
Saturated : 

licpiid line, 45 

solid lim*, 40 | 

vai)or curves for comnnm refrigerants, i 
03 (cliart) 

^’apor liiu', 45 
Saturated air: 

j)rop(“rties of, 484-480 (tables) 
Saturation : 

adiabatic, 180 
percent, 173, 170, 181-182 
tempc’rature, 170 ' 

Seatchard, Cl., 344. 3511 
Schaefer, J.. 307 
Seal)loom, 10. H., 271), 21)4 
Self-eontjdned air conditioner, 410, 420, 
422, 423 

Self-ser\‘ice refrigerators, 443-444 
S(Misible cooling. ISO 
Sensible heat : 

definition of, IDl 

factor, 2(i4-205, 208, 35(>-358 
from luimans, 214-210 (tables) 
iti'ins in ('ooling load, 202 
ratio, 101. 204 
Sensible heat ing, I8(i 
vSepju-ator, 28-21) 

Shad(‘d walls, ('ITect tm (‘ooling hauls. 204 
Sliadijig windows, I'tYtad on cooling loatls, 
212 (tal>le) 

Shell-and-coil condenser. 240-242 
Shell-and-ct)il cooh'r. 203 
Shell-and-tube ccuulenser, 241-244 
Sh<‘ll-and-tube cooler, 2l>3 
Shields. (’. ()., 180 
Ships. refrig(‘rated cargo, 4130 
Sight glasses. 202 

Sigma lu'at contiuit. 178 170, IS2, 185 
Silic’a aerogel. 1.57 
Silica g('l. 35(> 357 

Skating rinks, r»*frig»*ral ion of. 404-405 
Sling psychronu'ter, 170 
Sloan, 11.. 15 
Smith. .\l. .\I., Ill), 407 
Smoking, ventilation for. 22t» (table) 
Snow, .artilieial. .‘307 
Sodium chloiade brine: 
pipe frii'fion, 40.5 (eliart) 
t hennodynamit* properties of. 470 
(table » 


Sodium chloride brine (conk): 

viscosity and density of, 492 (chart) 

Solar heat : 

through walls, 105, 200-207 (charts), 

422 

through windows, 208-212, 210-212 
(tables), 422 
Solder, 270-280 
Soldering, 270 
Solenoid valve, 327 
Sparks, X. R., 110, 385, 303, 313, 359 
Specialty stores, air conditioning of, 419 
Speeilie heat: 
etjuat ion, 38 

of fou<l j)ro<lucts, 194-196 (table) 
of refrigerant vapors, 70 (table) 

Speeilie volume of refrigerants, 90-92, 92 
(table) 

Sporn, E., 408 
Spray : 

footl freezing bv, 431, 434 
poiuls, 217-248 
towers. 218-250 
Staeblei, L. A.. 3‘24, 335 
Stage launpi essitm, 372, 381 
Staid, 301 

State, ecjuation of, 32 
Static- liead, *282 
Static regain, 410 

Steam tapiipment, heat from, 221—225 
(table) 

Steam, properties of, 473-475 
Steam-jt4 refrigi'ration, 23-25, 110-114, 
141-143 

applicat ions of, 141-143, 401 
ec|uipment. 141-143 
refrigerating etYeid, 112 
system, elementary, 23-25 
thermodynainies of, 110-114 
weight motive steam recpnred for, 112 
Stearin, refrigeration in pn>eossing of, 

403 

Steel: 

heat treating, refrigeration in. 397-399 
pipe, speeilieations, 275, 487 (table) 
Stefan-Roltznmu law, 105 
Stewart. V. K., 240 
Stoever. H. J.. 151. 170 
Stone, J. F., 15(i 

Storage conditions, food, 194-190 (table), 
410-117. 435. 43(V-437 
Storage. elYeet of on foods. 229 
Storage plant, cold. 43(i — 137 
Stores, air conditioning of, 41l> — 121 
Strainers. 291, 293 
Stratoehamber. refrigeration of, 395 
Stuart. M. IS 

Stvrene, refrigeration in manufacture cf, 
101-102 
Subeooling. (>0 

Subfreezing air conditions, 183, 484-480 
(tables) 

Substaitee, state of a, 32 
Suction lines. 282-284. 488-491 (tables) 
Suction pressure. elYeet of, 286 
Suction-pressure control valve, 328'-329 
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Sugar fermentation, refrigeration apijlied 
in, 402 

Sulfur dioxide, 82 

Sun-exposed walls, 204, 206-207 (charts) 

Superconductivity, 364 

Superheat horn, 59, 63 

Superheating, 60 

Surface: 

coefficients, 167, 253 
temperature, 167 

Surgical aid, refrigeration as a, 394 
Swart, R. H., 323, 335 
Sweated joint, 279 

Synthetic rubber, refrigeration in manu- 
facture of, 399, 401-402 

T 

Tammann, G.. 45 

Tantalum in clesign of bolometer, 406 
Taverns, air conditioning of, 421 
Taylor, R. S., 341 
Teesdale, L. V., 234 
Temperature: 
coil, 266 

critical, 45, 87—88, 88 (table) 
daily variation of, 202 (table) 
design, 194-201 (table) 
dew point, 173, 175-176, 181 
dry-bulb, 172, 175 
effective, 192 (chart), 193 (table) 
freezing, of refrigerants, 87-88, 88 
(table) 

log mean^ 168 

of adjoining spaces, 203-204 
refrigerant, recommended, 266-267 
rise in ducts, 227 (table) 
room, minus coil, 266-267 
saturation, 45, 85 (chart), 173, 176 
surface, 167, 170, 176 
triple-point, 45 
wet-bulb, 172, 175 
Temperature scales: 
absolute, 361 
Centigrade, 361 
Fahrenheit, 361 
fixed points for, 364-365 
International, 364 
Kelvin, 361 
Rankine, 361 
thermodynamic, 360 
Test gages, 418 
Test pressures, 277-278 
Tetrafluoromethane (Freon-14), 80 
Textiles, air conditioning in manufacture 
of, 412-415. 415 (table) 

Theaters, air conditioning of, 419, 423- 
424 
Thermal: 

bulb location, 284-285 
coefficient of cubical expansion, 163 
conductivity {see Conductivity) 
Thermocouple, 175, 181 
Thermodynamic: 
relationships: 
of gases, 42-43, 44 (table) 


Thermodynamic {coni.): 
of vapors, 43, 45-46 
temperature scale, 361—362 
Thermodynamics : 
first law of, 37 

of air-cycle refrigeration, 104-109 
of centrifugal refrigeration, 114—116 
of heat pump, 116-119 
of steam jet refrigeration, 110-114 
of vapor compression refrigeration, 53- 
77 

review of, 31—49 
second law of, 38 
third law of, 38 

Thermostatic expansion valve, 316-318 
Thermostatic motor control, 324-326 
Thermostat-solenoid combination. 330- 
331 

Thompson, B., 360 
Thomson, IV., 361 

Throttling process, 62 {see also Expansion 
process) 

Time, freezmg, for foods, 433 (table) 

Ton of refrigeration, 17 
Ton-da 3 " of refrigeration, 17, 403 
Total heat of air, 178, 182 
Toxicity of refrigerants, 96-97, 97 (table) 
Trains, air conditioning and refrigeration 
applied to, 424-425, 440 
Transition point, 364-365, 365 (table) 
Transmission of heat: 

through roofs, 205 (charts) 
through walls, 205-206 (charts) 
Transmittance for structures, 204 (table) 
Transportation : 
of food, 439-441 
of people, 424—427 
Tressler, D. K., 448 

Trichioromonofluoromethane (Frcon-1 1 ), 
80, inside back cover (diagram) 
Trichlorotrifluoroethane (Frcon-1 13), 80 
Triple-point, constants for, 367 (table) 
Trolleys, air conditioning of, 425-426 
Trucks, refrigeration of, 440 
Tubing specifications, 274-277, 275-276 
(tables) 

Tudor F., 3 
Turbulent flow, 151 
Turnquist, C. H., 146, 335 
Twining, A. C., 5 
Two-temperature valve, 328 

U 

Unit cooler, 256-258, 270-271, 436 
Usage heat load, 233 (table) 

V 

Vacuum pump, 288 
Valves: 

expansion {see Expansion valves) 
shutoff and relief, 290-293, 487 (table) 
van der Waal's equation, 32 
Vapor compression cycle {see Cycle) 
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evolution of heathy, 218-220 (table) 
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refrigerant teinp(‘ratur(‘ difTerenec' an<l 
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.storage conditions for, 104-11)5 (table) 
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change', effect on flow, 280-281 
critical, 141) 

in refrigerant line.s, 281-283, 286 
work (lone by change of, 33-34 
X'eiu'inann, II. (I., ,335 

\enetian blinds, etVect on (‘ooling load, 

212 

Wntilation: 

in air conditioning, 203, 201), 221, 226, 
422 

in Refrigeration, 2!3, 214 (tabh*) 
r(‘(iuire?nents, 221, 226 
V(‘stibnle, 272, 31)5 
Vibration eliminators, 202, 2l)3 
\'iscosit V : 

of air, 486 (tabh') 
of Freon refrigerants, 478 (table) 
of refrigerants, 1)4- 1)5 (table) 
units, 150 
\'oorlie('s, G. T., 11 

\yalk-in refrigerators, 143—144 
^\alls, lu'at transmission through, 203 
206-207 

^^’nter: 

condens('r, 231) 245 


Water (coni.): 
defrosting, 271 

flow, economical rate for condensers 
244-240, 240 (chart) 
piping. 288. 404 (chart) 

I)roperties of, 482-483 (table) 
tubing. 274-275 (tables) 

W'ater \apor: 

air ini.\tur('s, 173 
as a refrigerant. 80 
amount in air, 172 
barric'rs, 213 
infiltration of, 213 
pressure, 174 
Welding: 
pipe, 277 

ri'frigi'ration in. 399 
Well wat('r, 409-411 
Westling. L. L., 448 
Wet-l>ulb: 

dej)ression, 170. 179. 183 
subfreezing eondilions, 183 
temj)eratur('. 172. 175, 178, 183, 411 
tlu'rmonu'ter. 175, 179 
White, ,1. F., 1.57 
Wile. 1). I).. 185, 1S9 
Wilkes. G. B., 170 
Wilson. F. K., 237, 272 
Wilson. K. S., 282, 283, 294 
Wilson. .M. .1,, 397 

\\ ind tunnels, refrigeration of, 300-397 
Windows: 

lu'at transfer through, 200, 210-211 
(tables) 

shading of. 212 (table) 
ineries, refrigeration in, 439 
Woolrieb, W. H., 15, 394, 408 
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Zeemansky. M. W.. IS 
Zoning for eooling loads. >09 



Ulim \mi LIBRDRV 



4675 



THE JAMMU & KASHMIR UNIVERSITY 

library. 


the JAMMU & KASHMIR UNIVERSITY 

library. 


date loaned 



I 

f 


t 


i 









O. 




,<^4 % % 

<?. - p <* 








\ 

c» o 




n- 


4.,-'-- .-<) <? 


<v %x ‘t>/^ 




<y. h 








. <iN ''<? 

«$ ^e. 


C< 




